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　　　　In this thesis, novel technologies of GaAs HBTs for high･speed and low-power
applications have been studied. Ａ series of the novel technologies dealt with analyses of
material properties, fabrication processes. device designs, and circuit applications, those were
developed to overcome the crucial problems of GaAs HBTs for high･speed and ｌｏｗ･power
operations. The technologies demonstrate great potential of GaAs HBTs for high-speed and
low-power integrated･circuit applications｡
　　　　In chapter 2, fundamental device physics and figures･of･merits of HBTs are reviewed to
understand　the　relations　between　material　properties, device　designs, and　device
characteristics. The characteristics of conventional InGaP/GaAs HBTs were analyzed in
detail and discussed to specify the guides to their high･speed and ｌｏｗ･power operations｡
　　　　In chapter 3，the characteristics of InGaP/GaAs HBTs with ａ heavily･doped and thin
base are studied in detail in order to optimize the base layer design R)ｒhigh‘speed operations.
The analysis of the current gain Ｈｆｅon the base doping concentration Ｍ, revealed that the ｈｐＥ
at an 7Vμibove 3 × 1020 cm･3 drastically decreased as 7V。increased because of the reduction of
the effective hole barrier height, which was explained analytically and experimentally by
considering the bandgap narrowing and the Fermi level in accordance with the Fermi･Dirac
distribution. The analysis of the base transit time tb showed that the tr exhibited ａ quadratic
dependence on the base thickness Wb at a Wb larger than ３０nm, whereas the ηl tended to
show ａlinear dependence at ａ smaller 恥,｡
　　　　In chapter 4，ａ novel device structure and the corresponding process technology are
proposed to reduce the parasitic capacitance under the base contact pad region. The devices
were fabricated by using wsim as the base electrode and by burying SiO2 in the extrinsic
collector. The specific contact resistance AofWSifor:Ｐ･GaAs was 2×10･6Ω･cm2 at an Ｎｂofl
ｘ1020 cm･3， which was dramatically reduced to 3 ×10･7Ω･cm2 by inserting a 5･nm Ti film
between the interface. The low pc made it possible to reduce the optimum base contact width
for achieving both high力and high/n,。to less than 0.4μｍ without the large increase in the
base resistance. The simultaneous reduction of both the emitter size and the extrinsic
collector capacitance effectively improved the high･frequency performance of small･scale
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GaAs HBTs, which operated at higher speed and lower current than the conventional HBTs:
an HBT with an emitter size SrofO.6μm X 4.6μｍ provided an力〇f 138 GHz and an/max of 275
GHz at ａ collector currentかof 4 ｍＡ｡
　　　In chapter 5，the advanced high-frequency performance of small･scale InGaP/GaAs
HBTs was demonstrated by refining the process technology and the device design. Ａ double
photoresist coating with a high-temperature reflow improved the uniformity of the buried
SiO2, and improved the thickness of the buried SiO2 by 25%. The thick buried SiO2 together
with the reduction of the base electrode area enabled the 50% reduction of the parasitic
capacitance at the buried SiO2 region. The refinements improved the high-frequency
performance of small-scale ＨＢＴｓ:an HBT with an & of 0.5μm X 4.5μｍ exhibited ａ力〇f 156
GHz and a/max of 255 GHz at ａｎかof 3.5 ｍＡ; an HBT with ａｎＳｅof0.25μm X 1.5μｍ exhibited
ａ力〇f 114 GHz and ａﾉk of 230 GHz for at an そof 0.９ mA. A 1/8 static frequency divider
fabricated by using the developed HBTs operated at ａ maximum operation frequency of 39.5
GHz with power consumption per ｎｉｐ･flopof 190 mW; which is about 2/3 of those of
previously-reported GaAs-HBT static frequency dividers. A transimpedance amplifier had ａ
transimpedance gain of 46.5 dB･Ωwith a 41.6-GHz bandwidth. The power consumption was
150 mW; which is less than half that of the same type of amplifier previously reported｡
　　　In chapter 6， GaAs HBTs with ａ p seudomorphic, fully･strained GaAsSb base were
demonstrated for reducing the turn-on voltage　几,ｌ in GaAs HBTs. The　几,7 of the
GaAs/GaAsn
9Sbo l
HBTs was reduced by about 0.1 ｖ compared to that of the InGaP/GaAs HBT.
The reduction was in good agreement with the bandgap reduction of the base layer. Owing to
the fully-strained GaAsSb without miｓ丘t dislocations, the maximum current gain of 35 was
attained. The collector current blocking effect was insignificant due to the small conduction
band discontinuity t£ｃ.The potential barrier height of metal/p- GaAsSb tended to decrease as
increasing the Sb composition. As ａ result, ａ specific contact resistance as low as 6 ×10T　ａ･
cm2 was achieved at P"GaAso.9Sbo.i with ａ relatively low base doping level of 2 ×1019 cm･3. In
contrast, the hole mobility of GaAsSb was increased as the Sb composition increased｡
　　　In chapter 7，the accomplishments and conclusions of this thesis are summarized, and
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5.Improvement of High-Frequency Performance in Small-Scale

























































　　　It is no exaggeration to say that the recent progress in communication systems has
been achieved largely due to advances in semiconductor technology. The foundation of the
dominant high-speed integrated circuit (IC) technology has been provided by Si bipolar
devices and GaAs metal semiconductor field effect transistors (MESFETs), and, along with
their　development, the　communication　market　has　been　grown　continuously　and
phenomenally. And now, the information technology is quickly becoming an integral part of
our lives not only in the workplace but also at home and. consequently, the carrying capacity
of communication systems is tremendously increasing in order to handle ａlarge amount of
information. Under the circumstances, the development of up･coming communication systems,
such as advanced microwave/millimeter- wave wireless communication systems and large
capacity optical-fibertelecommunication systems, is accelerated and, hence, the practical use
of ultra-high･speed devices, such as high electron mobility transistors (HEMTs) and




1.2.1　Fundamental theory and characteristics
　　　Heterojunction bipolar transistors (HBTs) based on III-V semiconductor materials are
one of the promising devices for ｕp･coming high-speed applications. III･Ｖ HBTs have unique
and inherent advantages in performance over Si bipolar devices and III･Ｖ MESFETs or
HEMTs [1]. Figure 1- 1 shows the energy band diagram and the flow of electrons and holes of
n-p-n HBTs. The difference from homojunction bipolar transistors (BJTs) is that the bandgap
of the emitter is larger than that of the base. The large valence band discontinuity at the
emitter-base junction functions as the barrier for the base･tｏ･emitter hole injection, whereas
the conduction band discontinuity does not block emitter-to･base electron flow significantly.
The hole barrier allows the base doping concentration to be much higher than the emitter
doping concentration without sacrificing the emitter injection efficiency. As ａ consequence,
base doping concentrations can be set higher in HBTs than in BJTs. The low emitter doping
reduces the emitter-base capacitance, and, in addition, the high base doping decreases the
base resistance; both of which are useful for improving the high-frequency performance of
bipolar transistors [21｡
　　　Compared to MESFETs and HEMTs, HBTs have much higher power handling
capability, higher current driving capability and lower 1びnoise characteristics, with
high-frequency and high-speed performance. The high power handling capability resulting
from high power density operations enables small die size for a given power requirement. This
is important for power transistors especially for millimeter wave ranges, since keeping phase
uniformity in active devices is ａ key issue for high･frequency devices. The high current drive
capability isａ necessary condition for high･speed digital circuits to charge and discharge load
capacitance such as wiring capacitance. The low 1びnoise characteristic of HBTs is attractive
for oscillator applications sinceｌｏｗ･frequency noise such as 1びnoise generates phase noise of
oscillators due to nonlinear characteristics of transistors. Furthermore, HBTs have better
threshold voltage control with better uniformity because the turn･on voltage primarily





Fig. 1-1. Energy band diagrani and the flow of electrons and holes of n-p-n HBT.
３
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time determined by the base and collectorlayer thicknesses can be readily controlled in the
nanometer range by using epitaxial growth technologies. These can relax the process margin
in the HBT fabrication than that in FETs, particularly in terms oflithographic requirements,
resulting in higher yields and therefore lower costs｡
　　　　Incomparison with Si bipolar devices such as Si BJTs and SiGe HBTs, on the other
hand, III･Ｖ HBTs offer further advantages over Si-based material systems: i.ｅ･，higher
electron mobility with ａ potential for transient velocity overshoot effectsin III-V materials
enable to improve cutoff frequency atａ similar vertical device scale.In addition, III･ＶHBTs
have a higher breakdown voltage than Si bipolar devices, increasing cutoff frequency by
reducing the vertical scale of the collector layer with keeping high collector-emitter
breakdown voltages (ＢＶｃｍi).Furthermore, compact, monolithically integrated microwave
circuits can be fabricated as ａ complete unit by using semi-insulating substrates, which help
to reduce pad parasitics and, thus, allow convenient integration of devices｡
　　　　A11these features make III･ＶHBTs the ”deviceof choice”for many circuit designers
developing cutting･edge integrated circuitsfor ultra･high･speed applications.
1.2.2　Overview of development history
　　　The fundamental theory of an HBT was proposed by Shockley in 1948 as stated in
Claim 2，us Patent 2 569 347 [3], and the operation principles, advantages and possible
applications were first discussed by Kroemer in detail in 1957 [4]. However, HBTs were
neglected for ａ certain period because of the rapid development of simple homojunction
bipolar devices and the limitations of hetero-epitaxy techniques｡
　　　The first truly operational HBT was realized in 1969; the emitter･base heterojunction
was GaAs/Ge grown by Liquid Phase Epitaxy (LPE) [5]. It resulted in the fabrication of a
bipolar device with a current gain larger than １０with the base doping (5×1019 cm･3)bｙ three
orders of magnitude higher than the emitter doping (5×1016 cm･3)｡
　　　The successful development of the HBT technology was achieved in the 197O's by the
tremendous progress made in high-precision epitaxial growth systems for III-V semiconductor
materials. Two advanced growth techniques, molecular beam epitaxy (MBE) [6]and
j.２　Ｈｅtｅｒojｕｎｃtｉｏｎ ＢｉｐｏｌａｒＩＶａｎｓiｓｔｏｒｓ ５
metal･organic chemical vapor deposition (MOCVD) [7】,provided the atomic level control in
layer thickness, chemical composition, and doping level needed for useful heterojunctions.
The AlGaAs/GaAs system was the first beneficiary of the heterostructure materials, and the
first AlGaAs/GaAs HBTs were fabricated in 1972 【81｡
　　　With the remarkable progress of high･quality epitaxial growth technology, HBTs began
to be researched and developed as actual devices for practical use by the mid･198O's [9]. By
the end of 198O's, the advanced process technologies improved the discrete device
characteristics and circuit performance of AlGaAs/GaAs HBTs, which demonstrated GaAs
HBTs as an attractive device for future ultra-high-speed applications [101｡
　　　At that time, InP HBTs, such ａ８InAlAs/InGaAs HBTs and InP/InGaAs ＨＢ゛n3grown on
InP substrates, have also emerged as potential candidates n)ｒ high･speed applications
because of their the excellent carrier transport properties [11]. The first Si/SiGe ＨＢ゛n3were
also reported at that time [121｡
　　　In the 199O's, devices and circuits of InP HBTs and SiGe HBTs have shown some very
promising results with excellent high-speed performance[13]. Besides, the epitaxial
technology of InGaP on GaAs, which has ｅχcellent material properties, greater reliability, and
ease ｏｆ血brication using selective etching compared to AIGeiAs, was matured, and, as ａresult,
InGaP/GaAs HBTs have attracted much interest as ａ potential replacement for AlGaAs/GaAs
ＨＢＴｓ[14-17].
1.2.3　Comparison of material and characteristics
　　　The limiting伍ctor for bipolar technologies is in the collector profile and material
structure; namely, the collector･emitter breakdown voltage 召応。can be traded off for cutoff
frequency y}-related to the collectorthickness. Therefore, InP HBTs are more attractive than
SiGe and GaAs ＨＢ゛n3for the high･speed applications because of the superior carrier transport
properties of InGaAs used as the collectorlayer [18]. Figure 1･2 illustrates how fr changes
with ｊ垢召。[19].For ａ given breakdown voltage. InP HBTs are 血ster than SiGe and GaAs
HBTs. This i8 due to the high electron mobility of InGaAs, which overcomes the demerit ofａ










Fig. 1-2. Comparison of cutofffrequency as a function of breakdown voltage












　　　　InP HBTs have another advantage of ａ･low turn･on voltage. Comparison of current･
voltage characteristics between III-V HBTs and SiGe HBTs ｉ８shown in Fig. 1･3 [19]. Since the
bandgap of InGaAs used a8 the base layer of InP HBTs is generally narrower than SiGe and
GaAs [18,20], InP HBTs can operate at lower voltages with higher current densities. This
indicates that InP HBTs are also ideal for loｗ･voltage and thus loｗ･power applications｡
　　　　In contrast, Si bipolar devices remain highly competitive because of the aggressive
submicron scaling. Figure 1･4 shows the comparison oft5npical device dimension between SiGe
HBTs and III-V HBTs. Typical emitter width and length of self-aligned SiGe HBTs are 0.1･0.2
μｍ and １-2 μm, respectively[21,22]. To the contrary, tjmical emitter width and length of III･Ｖ
HBTs are 1･2μｍ and ５･10 μm, respectively, the large values of which are due to the
mesa- structure devices. As ａ result, the large device dimension of III･Ｖ HBTs requires larger
collector currents than SiGe HBTs in order to operate at high frequency. TVpical dependence
of cutoff frequency on collector currents between SiGe HBTs and III･Ｖ HBTs are compared in
Fig. 1･5 [22-24]. Although the peak cutoff frequency of SiGe HBTs is lower than that of III･Ｖ
HBTs, SiGe HBTs can operate at higher cutofif frequencies with lower collector currents,
indicating that SiGe HBTs are suitable for loｗ･power applications.
1.3　Subject of This Research
　　　　As stated in the previous section, the device dimensions of III-V HBTs are relatively
large and, thus, large collectorcurrents are necessary in order to operate at high n･equency.
This causes the large power dissipation as well as thermal-management problems when they
are applied to highly integrated chips such as those used in high･speed communications.
Hence, submicron scaling for III･ＶHBTs i8 a crucial issue to achieve both high･speed and
low-power operations simultaneously,｡
　　　　For the 伍brication of small･scale III･ｖdevices, GaAs is more attractive material than
InP because the process technology of InP has not been matured sufficiently and, thus,








Fig.14. Comparison of typicaldevice dimension between (a) SiGe HBT and
(b)IH-ＶHBT.










Fig. 1-5. Dependence of high-frequency characteristicson collectorcurrents for
SiGe, GaAs, and InP HBT.
９
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the disadvantages of brittleness, unavailability of large･diameter wafers, high substrate cost,
leading to higher production costs. In contrast, the process technology of GaAs has been
matured enough to obtain high processing jdelds with low production costs, which is suitable
to promptly reply the urgent demand for the practical use of high･speed applications.
　　　　Accordingly, this study focused on GaAs HBTs emerged as valuable devices and
attractive candidates for high･speed and ｌｏｗ･power applications. Although carrier transport
properties of GaAs is inferior to InGaAs, the smaller Auger recombination coefi&cient of GaAs
than InGaAs enables to attain ａ higher base doping level without sacrificing the current gain
[25,26]. Hence, the lower base resistance than that obtainable in InP HBTs can be achieved
even reducing the base thickness. This implies that GaAs HBTs have ａ possibility to attain
higher frequency performance than InP HBTs by an appropriate design of the base layer｡
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●
　　　　'lo date, GaAs HBTs with high cutoff frequency fj〇ver 100 GHz [27] and high
maximum oscillation frｅqｕｅｎｃy刄ａχover 200 GHz [28,29] have been reported. However, these
HBTs have considerably large device dimensions and. thus, require larger collector currents
in order to operate at high frequency, as stated previously. Although small-scaled GaAs HBTs
with emitter areas of equal to ｏｒ∧smaller than 1 μｍ２have been demonstrated, their
high-frequency characteristics were considerably deteriorated as the emitter size was scaled
down[30-32]. To achieve high･speed, lowpower IC operation with GaAs HBTs, therefore, it is
critical to develop process technology and device design for scaling down of the device
dimension without sacrificing the high･frequency performance.
　　　　When the emitter size of GaAs HBTs with AlGaAs emitter is scaled down, peripheral
recombination currents around the emitter becomes ａ significant problem. In AlGaAs/GaAs
HBTs, the exposed emitter periphery and the extrinsic base surface are passivated by stable
oxides, which have very high recombination velocities and thus increase the peripheral
recombination current. This gives rise to the current gain reduction as the emitter size is
scaled down, known as the emitter size effect [33]. Although the peripheral currents can be
reduced　by　introducing　depleted　AlGaAs　surface　passivation　layers, so･called　ledge
passivation [34,35], the surface recombination velocity ofAlGaAs ｉ８influenced by the process
or the oxidation of AlGaAs, limiting the suppression of the emitter size effect [36,37].
Furthermore, AlGaAs/GaAs HBTs have another problem for loｗ･power applications! i.e.,
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higher Al composition to increase the valence band discontinuity Ａ£ｒfor utilizing higher base
doping also increases the conduction band discontinuity Ａ£ｃand, consequently, increases the
turn･on voltage [38]. The increase of the turn-on voltage can be suppressed by introducing ａ
compositionally graded AlGaAs layer. However, the graded layer adversely increases not only
the hole injection into the emitter but also the space charge recombination [39,40], degrading
both current gain and the effect of the ledge passivation [411｡
　　　Accordingly, InGaP was mainly utilized as the emitter material of GaAs HBTs in this
study. InGaP/GaAs HBTs have gradually attracted much interest as ａ potential replacement
for AlGaAs/GaAs HBTs because of ease of fabrication using selective etching and greater
reliability[14,42,43]. Besides, InGaP has excellent material properties; i.e.,smaller surface
recombination velocity than that of AlGaAs 【36], and smaller　＆ＥＣ　and larger AEy ０１
InGaP/GaAs than those of AlGaAs/GaAs heterojunction [44,45]. These properties suggest ａ
potential of small･scale InGaP/GaAs HBTs with ａlow turn･on voltage. However, the study of
InGaP/GaAs HBTs for use in high･speed and ｌｏｗ･power applications has not been examined
sufficiently. To fully exploit InGaP/GaAs HBTs a8 high･speed and low-power devices, therefore,
it is indispensable to reveal the correlations between material properties, device designs, and
device characteristics｡
　　　A large turn-on voltage of GaAs HBTs compared to SiGe and InP HBTs, as shown in Fig.
1･3, is also ａ key issue to be solved. The large turn･on voltage ｉ８caused by the large bandgap
£Ｇof GaAs (1.42 eV) used ａ８the base layer. This limits the minimum operating voltage and,
thus, causes the increase in the power consumption of ICs using GaAs HBTs. Hence, narrower
£Ｇmaterial for the base layer should be developed for loｗ･power operations.
1.４　Outline of Thesis
　　　　According to the issues mentioned in the previous section, GaAs HBT technologies ｎ)r
high･speed and ｌｏｗ･power applications are studied in this thesis. The outline of the thesis i8
described a8 follows.
　　　　Chapter 2 reviews fundamental device physics and figures･of･merits of HBTs to
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understand　the　relations　between　material　properties, device　designs, and　device
characteristics. The characteristics of InGaP/GaAs HBTs and the guides to their high･speed
and ｌｏｗ･poweroperations are also discussed｡
　　　　Chapter 3 deals with the characterization of InGaP/GaAs HBTs with ａ heavily-doped
and thin base. The dominant factor of determining the current gain at the extremely high
doping level above 1 ×1020 cm'3 is elucidated. The influences of the base thickness on DC and
high･frequency characteristics are also described｡
　　　　Inchapter 4，ａ novel device structure and the corresponding process technology are
presented. An HBT with WSi/Ti base electrode and buried SiO2 in the extrinsic collectoris
proposed to reduce the parasitic capacitance under the base contact pad region. The excellent
high･frequency characteristics at low collectorcurrent operations of the proposed GaAs HBTs
are also presented｡
　　　　Inchapter 5，refinements of the process technology and the device design for the
further reduction of the parasitic capacitance are described. The further improvement of
high･frequency characteristics in small･scaled InGaP/GaAs HBTs is demonstrated. The
capability of the developed HBTs R)ｒhigh･speed and low-power integrated circuitsis also
investigated by applying them to 1/8 static frequency dividers as digital circuits and
transimpedance amplifiers as analog circuits｡
　　　　Chapter 6 describes the characteristics of GaAs HBTs with ａ pseudomorphic,
fully-strained GaAsSb base. The reduction in turn･on voltage of the GaAs/GaAsSb/GaAs
double heterojunction bipolar transistors (DHBTs) is demonstrated. The current gain, the
offsetvoltage, and characteristics related to the base resistance are also described｡
　　　　Chapter 7 summarizes the accomplishments and conclusions of this thesis, and
describes remaining problems and suggestions 公)ｒthe future work.
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Chapter 2
Fundamentals ofInGaP/GaAs HBTs and
Guides to Their High-Performance Operations
2.1　Introduction
　　　　HBTs with InGaP/GaAs material systems were proposed by Kroemer in 1982 【l], and
the firstInGaP/GaAs HBTs were demonstrated in 1985 [2].In the 1990s, InGaP/GaAs HBTs
have gradually attracted much interest as ａ potential replacement for AlGaAs/GaAs HBTs.
This is because InGaP/GaAs HBTs have excellent material properties, greater reliability,and
ease of fabrication using selectiveetching in comparison with AlGaAs/GaAs HBTs 【3･81｡
　　　　″ｎ】Mlyexploit InGaP/GaAs HBTs R)ｒhigh･speed and ｌｏｗ･power applications, it is
necessary to understand the influence of the device designs on their characteristicsin detail.
1n this chapter. fundamental characteristics of InGaP/GaAs HBTs are evaluated in order to
obtain the guide R)ｒtheir high performance operations. Firstly,fundamental device physics
and figures-of･merits of HBTs are reviewed in order to understand the correlations between
material properties. device designs, and device characteristics.Then, InGaP/GaAs HBTs with
conventional device structure are fabricated and evaluated in order to understand the
fundamental device characteristics.The results are analyzed to reveal the significantissues
to be solved R)ｒhigh･speed and ｌｏｗ･power operations of InGaP/GaAs HBTs. Based on these
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results. the guides to their high‘performance operations are discussed and specified.
2．２　DevicePhysics and Figures°of-Merits of HBTs
2.2.1　Analysis ｏｆDC operation
　　　The schematic cross･section of an z2？･z７HBT with the flow of electrons and holes is
shown in Fig. 2-1. The operational principles of HBTs are almost same as the conventional
bipolar transistors except that ａ wide bandgap material is used as the emitter. The DC
currents flowing in the HBT shown in Fig. 2･1 are given below:
　　　石。:injectioncurrent of electrons from the emitter into the basei
　　　iBh:injection current of holes from the base into the emitter!
　　　hbrﾕbulk recombination current in the quasi･neutral base region;
　　　４ｊ:recombination current in the emitter･base depletion region;
　　　拓:peripheral recombination current around the emitter-base junction.
When the emitter･base junction is a graded heterojunction, ＆ｊｓgiven by [91
ら ~一一 (2･1)
where Se is the emitter size, j)。and Z。,the difiiision coefficient and diffusion length of electrons
in the base, respectively。7ｓ the intrinsic carrier concentration of the base, Nb the base
concentration, Wr the base thickness, and Vbe the bias voltage at the emitter-base junction.
Assuming that electron transport in the base obeys the conventional diffusion model, the base
transport factorβis given by
and, as ａ result, the collector current Ic is ｅχpressed as
(2･2)
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誇賎芦。千曇〕。べ側 (2-3)
where NcB and ｙ。are the effectivedensities of states in the conduction and valence bands in
the base, respectively, and EgB is the bandgap of the base. Equation (2-3) indicates that the
saturation current and, thus, the turn-on voltage 几,７of HBTs are determined by the material
properties of the base layer, mainly EgB｡
　　　When the emitter･base junction is an abrupt heterojunction with small conduction
band discontinuity A£c,/ccan be written as [1]
(2-4)
Equation (2･4) indicates that ら。for an abrupt heterojunction is about Ａ£ｃhigher than that
for a graded heterojunction. If the hEc is much larger than kT,だis approximately given by the








where ｊ is the Richardson constant for thermionic emission. Equations (2-4) and (2-5) suggest
that large ＆ＥＣａｓwell ａ８ａ wide bandgap base material increases the 几。ofHBTs.






When aU recombination currents are negligible,i,ｅ。β～1,the ｈｐＥof HBTs with ａ graded
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where Lp and Dp are the diffusion length and diffusion coefficient of holes in the emitter, A'^-the
emitter doping concentration。liE the intrinsic carrier concentration of the emitteｒ，Ｎｒｃ　ａndＭ７
the effective densities of states in the conduction and valence bands in the emitter,
respectively, andb£ａ　the bandgap difference between the emitter and the base. If the
heterojunction is abrupt with ａ relatively small Ａ£ｃ，Ａ£Ｇin Eq. (2･7) is replaced by the
valence band discontinuity HiEv [11]. In homojunction bipolar transistors, Ａ£Gis almost o and
thｕｓＮｅmust be higher than Nb to obtain an adequate current gain. In contrast, HBTs can set
ａ relatively large ^EG. For example, A£'gof an Alo.3Gao.7As/GaAs heterojunction i8 0.37 eV, and
＆ＥＧof an InGaP/GaAs heterojunction is 0.42 - 0.48 eV. As ａ result, HBTs can have ａ very high
current gain even though Nb is higher than Nf. Therefore, the /≪/,in HBTs can be negligible! in
other words, the current gain i8 determined by the recombination currents｡





This equation suggests that the current gain is mainly determined by the design of the base
layer such as the base doping concentration and the base thickness. ０ｎthe other hand, when
the dominant recombination currents are caused by recombination centers such as defects or
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(2･12)
Here Jcs, Jb.・,and ４． are the saturation current densities of the collector current. the
recombination current in the depletion regions, and the peripheral recombination current,
respectively,£μs the length of the emitter periphery, and ni and n2 are the ideality factors [91.
The value of ≪iis almost equal to 2，whereas z72varies between ｌ and ２ depending on the
conditions of the surface recombination at both the emitter periphery and extrinsic base
regions[131. If the peripheral recombination currents are dominant in particular, the current
gain decreases as the emitter size is scaled down. This phenomenon is called as the emitter
size effect, and becomes ａ serious problem of small･emitter-area HBTs [14].
2.2.2　High-frequency figures-of-merits
　　　　High･frequency characteristics of transistors are commonly evaluated by the current
gain cutoff fｒｅqｕｅｎｃｙ力ａｎｄthe maximum oscillation frequencyふａχ.both of which have gained
wide acceptance as appropriate benchmarks for characterizing the high-speed potential of a
device[15,16]. The fr is defined as the frequency at which the small'signal short-circuit
current gain h2X is unity, relating the highest clock rate at which the device can operate. The
刄ａｘis the maximum frequency that the device can provide power gain. These two microwave
figures･of-merits are extrapolated by device parameters which are characterized by fitting the
measured ｓ･parameters to ａ small-signal equivalent-circuit model. Figure 2･2 shows ａ
standard T-model ofａ small･signal equivalent circuit. which is appropriate to HBTs [17,18].




whereαo is the dc value of the base transport factor,:iωａ(＝２鴫，)tｈｅ･3-dB frequency for the
base transport factor, and ｒ the delay time associated with the base transit time Tr and the
collector transit time ７ｃ.Based on this model, the relations between device parameters and





Fig. 2-2. Standard T'ｍｏｄｅｌof small-signal equivalent circuit for HBT.
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the microwave figures･of"merits are explained as follows.














where Tec is the total delay time (ｏｒemitter･to-collector transit time), te the emitter charging








where Qflis the emitter-base junction capacitance, Cbc the base-collector junction capacitance,
j?ａ the emitter resistance, and Re the collector resistance. It is found that large collector
current operation is essential to reduce を. However, the large current increases the power
consumption. Therefore, the reduction of Ceb and Crc, that is, the scaling down of the device
dimension, is inevitable for the high-speed and low-power operation. The small Cbc is also
effective to reduce '^cc-For the reduction of '^cc>the reduction of parasitic resistance is also
important｡
　　　　The ７ｉ,is the transit time for electrons traveling through the quasi･neutral base region.




where恥is the thickness of the base layer, and Tjis the adjusting factor for the possible
built-in electric field in the base region. Here ηiｓ 2 when ａ uniform base is used. In ａ very
thin base, in contrast, insufficient scattering of electrons makes the transport nonequilibrium
[20,21], and tris expressed as【22】
ら-
Vfl
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where Vn is the mean velocity of electrons in the base. These equations indicate that the base
layer must be thinned to reduce the base transit time.
　　　　The 7とis the transit time for electrons traveling through the base･collector depletion





where Wb。is the width of the intrinsic base-collector depletion region, and ｙｓ。,i8the electron
saturation velocity. It should be noted that, in III-V devices, the velocity of carriers tends to
overshoot the steady･state saturation velocity at the base side of the base･collector depletion
region [24,25], so the true 717may be smaller than that estimated by this equation. Equation
(2･19) implies that 717can be significantly reduced when the 恥。is designed to be very thin.
However, the thin 恥。not only degrades the breakdown voltage, but also increases Ｃｒｃｗhich
limits the fr improvement because of the increase in both η7and 7i]c.Therefore, a moderate
thickness is required for 恥。｡
　　　　The other figure･of･merit,/m。is limited by the charging time of the input and output
j?Ｃnetworks ofａ transistor. Thej。is given by [26,27]
息＝匹 (2･20)
where Rr is the base resistance. This equation means that higher, small j4， and small Ｃ。ｃ
result in high/。. Since small Cbc also results in high/r, as stated previously, the reduction in
Cbc is indispensable for achieving excellent high-frequency performance in HBTs. In
determining the /n,aχ,Mason's unilateral power gain びi8 widely used for the extrapolation
because U does not vary if the transistor ｉ８embedded in ａ lossless reciprocal network [281.
Other commonly quoted power gains include the maximum available power gain (MAG),
relevant for those frequencies where the device is unconditionally stable, and the ｍａχimum
stable power gain (MSG), relevant for those n･equencies where the device is potentially
unstable [29].
26 Cｈａｐtｅｒ ２. Ｆｕｎｄａｍｅｎtalｓ ｏｆＩｎＧａＰ／ＧａＡｓ ＨＢＴｓ
2.３　Characteristics of Conventional InGaP/GaAs HBTs
　　　In order to understand the fundamental characteristicsofInGaP/GaAs HBTs, devices
with ａ conventional structure were fabricated and evaluated. The characteristicswere
analyzed to reveal the issues to be solved for high･speed and lowpower operations of
InGaP/GaAs HBTs.
2.3.1　Device structure and fabrication process
　　　The epitaxial layers of the fabricated InGaP/GaAs HBTs were grown on semi"
insulating GaAs (lOO) substrates by gas-source molecular beam epitaxy [30]. The group Ill
sources were elemental Ga and In, and the group ｖ sources were thermally cracked arsine
(AsH3) and phosphine (PH3). The n- and p-type dopants were Si and Ｃ，respectively.
Carbon-tetrabromide (CBr4) was used ａ８the carbon source. CBr4 was supplied without ａ
carrier gas by using ａ closed･100p pressure･control system consisting ofａ pressure gauge and
ａ control valve. The parameters of the epitaxial layer structure are listed in Table 2- 1. Triple
emitter･cap layers were used in order to reduce the emitter resistance: 50-nm･thick InGaAs
doped to 4 ×1019 cm‘3，50･ｎｍ･thick GaAs doped to 5 ×1018cm'3,and 50･ｎｍ･thick InGaP doped
to8×1018cm･3. The InGaP emitter layer was 50 nm thick and doped to 1 ×1018 cm-3. The base
layer was 30 nm thick and doped to 1 ×1020cm･3. The collector layer consisted of 200-nm-thick
undoped GaAs. The thick GaAs subcollector (800 nm, 5×1018 cm°3)ｗａｓused to reduce the
collector resistance. HBTs with the base thickness of ５０nm were also fabricated in order to
investigate its influence on the high-frequency performance｡
　　　Conventional mesa structure devices were fabricated by using selective wet chemical
etching and ａ standard photolithographic process. The main steps in the fabrication process
are shown in Fig. 2･3. First, WSi is deposited on the InGaAs cap layer as ａ ｎｏｎ･alloyed
emitter electrode. The emitter electrode is defined by electron cyclotron resonance (ECR)
plasma etching (Fig. 2･3(a)). This is followed by the formation of an emitter mesa by wet
chemical etching using the emitter electrode as ａ mask. The InGaAs and GaAs layers are
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Fig.2-3. Main steps in the schematic fabrication process of conventional HBTs.
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etched selectively with H3PO4:H2O2:H2O, and the InGaP layer is etched selectively by ａ
solution of dilute HCl (Fig. 2-3(b)). Then, the base-collector and isolation mesas are formed by
wet chemical etching using photoresist ａ８an etching mask (Fig. 2･3(c)).Au/NiAV/AuGe metals
are evaporated on the subcollector as ａ collector electrode. They are lifted off,and then alloyed
at 350°C for 30 min (Fig. 2･3(d)).Ａｕ/Ｐt/Ti/Ｍｏ/Ti/Ｐtmetals are deposited on the base layer and
lifted off as ａ ｎｏｎ･alloyed base electrode. Here, the emitter and the base electrode are
separated in ａ“conventional” self'･aligned manner: i.e.,side etching of the emitter is used to
form the spacing between the emitter and the base electrode. Since the self-aligned process
was already used in the development of the first AlGaAs/GaAs HBTs reported in 1972 [31],
the process is called as“conventional" in this thesis. The extrinsic base surface does not have
ａ ledge passivation (Fig. 2-3(e)). The devices are then passivated with SiO2 by ｐｈｏtｏ･assisted
chemical vapor deposition at ａ substrate temperature of 300°Ｃ. Finally, the metallization
process follows and the device structure is completed (Fig. 2･3(£)).
2.3.2　DC characteristics
　　　　Ａ tjT)ical Gummel plot of the fabricated conventional HBT with an emitter size of 1.2
μmx 3.4μm is shown in Fig. 2-4. The collector current exhibits ｅχponential behavior with an
ideality factor of 1.0. The turn-on voltage 陥。measured at ａ collector current density Jc of l
A/cm2 is about 1.1 V. This value is almost the same as that in AlGaAs/GaAs HBTs with a
graded heterojunction [32･34], suggesting that AEc of the InGaP/GaAs heterojunction is
relatively small; i.ｅ･，collector currents of InGaP/GaAs HBTs can be expressed by Eq. (2･4). In
contrast, the ＼,, of AlGaAs/GaAs HBTs with an abrupt heterojunction ｉ８ about 1.3 V
[10,32,33]. This result verifies that InGaP/GaAs is ａ useful material system for keeping the
low Vo。of GaAs HBTs without using a graded heterojunction. The ideality factor of the base
current, on the other hand, is 2.0 at low bias voltage, suggesting that the base current mainly
originates from recombination at the emitter･base depletion region. The ideality factor
becomes smaller at higher bias voltage and, ａ８ａ result. the maxiinum current gain of 40 is
obtained at ａ collector current density of 2.5×105Aycm2｡
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Fig. 2-5. l/ｈｒｐversuｓＬｐ/Ｓｐｉorthe fabricated HBTsaりＣ＝I X 104 A/cm'^.
2.３　Ｃｈａｒａｃtｅｒiｓticｓ ｏ£ＣｏｎｖｅｎtｉｏｎａｌＩｎＧａＰ/ＧａＡｓ ＨＢＴｓ 31
the current gain ｈｐＥon the emitter size Sr was evaluated. The dependence ｉ８based on the






where hpEiｉ８the intrinsic current gain explained by the Eqs. (2･8)－(2-11),４thebaｓｅ current
density due to peripheral recombination。ﾉｃ the collector current density, and Le the length of
the emitter periphery. Figure 2'5 shows the dependence of HhpE onＬｅＩＳｅi()ｒthe fabricated
HBTs at ａ collector current density of l ｘ 104 A/cm2. This plot distinguishes between the
intrinsic base current and the surface recombination current around the emitter periphery.
From the slope of the line in Fig. 2･5, the peripheral component of the base current was
estimated to be 2.3×10･7 A/μm. The value is comparable to that of AlGaAs/GaAs HBTs with
an AlGaAs surface passivation layer [36], although the extrinsic base regions of the伍bricated
HBTs do not have passivated by thin emitter layers. This result indicates that the InGa:P
emitter effectively suppresses the emitter size effect of GaAs HBTs. The small peripheral
current is probably attributed to the lower ｓｕｒ伍cerecombination velocity and lower deep
level density of InGaP than those of AlGaAs [37]. Using the relatively thin base layer ｉ８
another possible cause, since the thin base reduces the lateral difiusion of electrons and, thus,
suppresses the electron injection into the extrinsic base region [35,38].
2.3.3　High-frequency characteristics
　　　The high･frequency characteristics of the fabricated conventional InGaP/GaAs HBTs
were evaluated by on-wafer
■9-parameter
measurements in the frequency range ＆ｏｍ１００MHz
to 25.1 GHz. The pad parasitics were ｄｅ･embedded by using the method presented by Costa et
al. [39] The fr and f^^x.were estimated from ･20dB/decade extrapolations of the ｎ･equency
dependence of small･signal current gain lゐ2112 and Mason's unilateral gain び[9,18].
　　　Figure 2･6 shows the dependence of |/J2l|2 and ひon frequency of an HBT with an
emitter size of 1.2 μm X 3.4μｍ. At the collector-emitter voltage of 1.6 ｙ ａ peak/j-〇fll5 GHz
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Fig. 2-6. 1hji 12 and びas a function of frequency of fabricated HBT. The dashed
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Fig. 2-7. Dependence ｏｆ斤ａｎｄ瓦ａｘon the collector current of the fabricated HBT at
ｙＣ£ニ1.6 V.
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collector current. The peak/rand/maχ were obtained at ａ collector current of ８ mA, at which ａ
collector current density of about 2 × 105 A/cm2. The characteristics of the HBT are
summarized in Table 2･2. The emitter resistance Ｒｅｅwas measured by an open-collector
method [40] and the collector resistance Ｒｅ.was estimated from the results of transmission
line model (TLM) measurements [41,42]. The emitter･base capacitance Ｃｅｒ　and the
base･collector capacitance Ｃｂｃwere calculated from the measured ｓ･parameters at ５ＧＨｚ｡
　　　The delay time analysis was carried out by using these results. As stated in the
previous section, total delay time をc is approximately ｅχpressed by using the Eqs. (2-14) -
(2-16) as
てＥＣ＝1/2盾＝ｋＴ/ｑlc(Ｃａ十Ｇｃ)十rB+ Tc十(ＲＥ十＆)Ｇ。 (2･22)
This equation indicates that the を(＝ｋＴ/ｑJc(Ｃｅｂ+ Cbc) ) is estimated by extrapolating the
1/(271/7) versus 1/Ｉｃｃurve to 111e= 0. Figure 2-8 shows the plot of total delay time as a function
of inverse collector current. The をwas estimated to be 0.35 p8 from this figure. The ^cc
calculated by Ｒｅｅ．Ｒｃ≫　ａ.ndCbc listed in Table 2･2 was 0.38 ps. As ａ result, the intrinsic transit
time, Tf(= Tb十zと), was calculated to be 0.65 ps. Figure 2'9 shows the comparison of delay
time in HBTs with the base thickness of ３０ nm and ５０ nm. The 7ｙof HBTs with 50･nm base
was estimated to be 1.05 p8; about 40% reduction in てＦcan be achieved by reducing the base
thickness from ５０ nm to ３０ nm. This result suggests that the intrinsic transit time can be
effectively reduced by decreasing the base thickneｓｓ｡
　　　　Figure 2- 10 shows the dependence of delay time on the emitter size of fabricated HBTs
at ａ collector current density of 1 ×105 A/cm2. Since the 尽i8 determined by the thickness of
the neutral base and the collector depletion region, 77,is constant for aU sizes of devices. In
contrast, both te and ^cc increase as the emitter size is reduced, and become the dominant
factors in the total delay time of small devices. This result indicates that the reduction of
parasitic delay times by reducing the parasitic resistance and capacitance ｉ８ especially
important n)ｒ the high･speed operation of small･scale HBTs.
･34 Cｈａｐtｅｒ ２. Ｆｕｎｄａｍｅｎtalｓ ｏｆｌｎＧａＰ/ＧａＡｓ ＨＢＴｓ

























　　　　　　　　　　　Inverse Collector Current, IC'1 (ｍＡ'1)
Fig. 2-8. Plot of total delay time against inverse collector current of the fabricated HBT.

































Fig. 2-10. Dependence of delay time on emitter size of fabricated HBTs atａ collector
current density ofl Ｘ１０５A/cm^.
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2.4　Guides to High-Speed and Low-Power Operations
　　　　For the high-speed operation of GaAs HBTs, the most struggling issue is the reduction
of the intrinsic transit time Tp. This is because the Tp occupies about the half of the total delay
time, as shown in Fig. 2･9. In addition. the Tfis larger than that of InP HBTs 【43】バToreduce
tｈｅび',reducing the vertical scale of the epitaxial layers is indispensable, as expressed in Eqs.
(2･17)－(2･19). However, thinning the collector layer gives rise to the increase of the
base･collector capacitance, which adversely affects the increase of the parasitic delay time, as
well as the degradation to the breakdown voltage. Therefore, vertical scaling of the collector
layer ｉ８not preferable. In contrast, thinning the base layer effectively reduces the てＦwithout
sacrificing any delay time. as shown in Fig. 2-9. Although the thin base layer suffers from the
increase in the base resistance and thus degrades^χ， the degradation can be suppressed by
increasing the base doping level. However, the highly doped base, in turn, increases the back
injection of holes or reduces the diffusion length of electrons in the base, both of which reduce
the current gain, as expressed in Eq. (2-7) or Eq. (2-8). Therefore, the thickness and the
doping concentration of the base layer must be optimized by considering the trade-off
relationship between the current gain. the base transit time, and the base resistance｡
　　　　Another issue 最)ｒthe high･speed operation is the suppression of the increase in the
parasitic delay time when scaling down the device dimension for the low-power operation. The
main reason can be explained by Fig. 2･11. Figure 2-11 shows schematic cross･sections of
conventional HBTs with an emitter width of (a) 2μｍ and (b)0.5μm. A certain amount of the
extrinsic base･collector junction area is needed as the contact pad region to contact the base
electrode and the wire. Since this area cannot be scaled down, the extrinsic collector region
relatively increases when scaling down the emitter size, as shown in Fig. 2･11. This becomes
the large parasitic component of the base･collector capacitance and, thus, increases both を
and Tec, as expressed in Eqs. (2･15) and (2･16)バTo improve the high･frequency performance of
small-scale HBTs, therefore, the parasitic capacitance originating fi･om the extrinsic collector
should be simultaneously reduced with the emitter size｡
　　　　For the lowpower operation of GaAs HBTs, in contrast, the issue is the reduction of the




















Fig. 2-11. Schematic cross-sections of conventional HBTs with an emitter width of
(a) 2μｍ and (b)0.5μｍ.
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turn-on voltage 几。.As expressed in Eqs. (2-3)－(2･5), small Ａ£ｃor graded heterojunction ａ８
well as narrow bandgap base is necessary to reduce 几。.Since the ＆ＥＣof InGaP/GaAs
heterojunction is relatively small, the InGaP/GaAs HBTs exhibited smaller 几。than abrupt
AlGaAs/GaAs HBTs. However, due to the large bandgap of GaAs used as the base layer, the
ら。is still larger than those of InP and SiGe HBTs. Hence, the development of narrow
bandgap materials for the base layer is inevitable to reduce the turn･on voltage of GaAs
HBTs.
２．５　Summary
　　　Device physics and figures-of･merits of HBTs were reviewed to understand the
correlations between material properties, device designs, and device characteristics. The
characteristics of conventional InGaP/GaAs HBTs were evaluated and analyzed in detail in
order to exploitInGaP/GaAs HBTs for use in high･speed and ｌｏｗ･powerapplications｡
　　　The Vo。of abrupt InGaP/GaAs HBTs was almost the same as that in AlGaAs/GaAs
HBTs with ａ graded heterojunction. This result suggests that Ａ£ｃbetween InGaP/GaAs
heterointerface was extremely small! namely, InGaP/GaAs is ａ useful material system for
keeping the low ｙ。of GaAs HBTs without using a graded heterojunction. However, the Vo。
was stilllarger than those ofInP and SiGe HBTs because of the large bandgap of GaAs used
as the base layer. The peripheral base current of InGaP/GaAs HBTs without surface
passivation was comparable to that of AlGaAs/GaAs HBTs with surface passivation. This
result indicates that the lower surface recombination velocity of InGaP than those ofAlGaAs
effectivelysuppresses the emitter size effect｡
　　　The delay time analysis showed that the main component of the delay was the intrinsic
delay time 恥The ７７７effectively decreased by reducing the base thickness, though the thin
base suffers from the increase in the base resistance. The dependence of delay time on the
emitter sizeｅχhibitedthat the dominant factorsin the total delay time of small devices were
parasitic delays, をand Tec.The delays increased as the emitter size was scaled down because
the ｅχtrinsicollectorregion to contact the base electrode and the wire was not scaled down.
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　　　　Based on the above results, the guides for high･speed and ｌｏｗ･poweroperation of GaAs
HBTs were concluded as follows:
゜To improve both fr, and/n,aχ,the design of the base layer, i.e.,the doping concentration
　　and the thickness, should be optimized by considering the trade･off relationship
　　between the current gain, the base transit time, and the base resistance;
.　To improve the high-frequency performance of small-scale HBTs, the parasitic
　　base-collector capacitance should be reduced simultaneously as the emitter sizeｉ８
　　scaledｄｏｗｎ;
●　To reduce 几。of GaAs HBTs, narrow bandgap materials for the base layer must be
　developed.
The detail methods to solve these issues are discussed and demonstrated in the following
chapters. The optimum design of the base layer related to the base concentration and
thickness are discussed in chapter 3. For the simultaneous reduction of the emitter size and
the parasitic capacitance, ａ novel device structure aimed at physically removing GaAs in the
extrinsic collectoris proposed in chapter 4. The capability of the novel structure devices for
high･speed and ｌｏｗ･powerICs is investigated in chapter 5. For the reduction of the turn･on
voltage, GaAs HBTs with ａ pseudomorphic GaAsSb as the narrowbandgap base layer are
demonstrated in chapter 6.
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Chapter 3
CharacterizationofInGaP/GaAs HBTs
with Heavily-Doped and Thin Base
3.1　Introduction
　　　As discussed in chapter 2，optimization of the base layer design is essential to improve
the high-frequency performance of HBTs. Using ａ thin base layer reduces base transit time.
which improves ａ cutoff frequency, /r, but it simultaneously increases the base resistance,
which adversely degrades ａ maximum oscillation frequency, /naχ.To keep the base sheet
resistance low for the thin base, an extremely high base doping is required. However, the
heavily･doped base leads to the reduction of the current gain resulting from the increase of
both the back injection of holes into the emitter and the recombination in the neutral base
region｡
　　　In order to optimize the base doping concentration and the thickness, therefore, it is
important to understand their influences on both DC and high-frequency characteristics.
With regard to the base doping concentration, the relations with current gain at the base
doping level below 1 ×1020 cm･3 have already been examined [1･4].However, the relations for
InGaP/GaAs HBTs with extremely high base concentrations above 1×1020 cm'3 have not been
fuUy investigated 【5,6].With respect to the base thickness, ０ｎthe other hand, the relations
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with base transit time in AlGaAs/GaAs HBTs have been estimated by simulations [7,8].
However, the transit time on InGaP/GaAs HBTs has not been investigated in detail so ｆａｒ｡
　　　In response to the above situations, the characteristics of InGaP/GaAs HBTs with ａ
heavilydoped and thin base are studied in this chapter. The dependence of the current gain
on the base doping concentration are evaluated at the doping level ranging from ５×1019 to 5 ×
1020 cm'3. The results are analyzed in detail to reveal ･what is the dominant factor to
determine the current gain at the extremely high doping. ０ｎ the other hand, the influences of
the base thickness Wb on DC and high･frequency characteristics are examined at Wb ranging
from 15 to ８０nm. The base transit time is estimated from the current gain and the intrinsic
transit time. Based on the results, design of the optimum base layer is discussed.
3.2　Experimental Procedures
　　　The epitaxial layers were grown on semi･insulating GaAs (100) substrates by
gas-source molecular beam epitaxy (GSMBE), the details of which are described in chapter 2.
The D-type dopant is carbon, which is favorable to obtain heavily-doped and thin p-GaAs
layers because of its low diffusion coefficient compared with other/7-type dopants 【9】;ｓoit can
produce an abrupt j7切junction even at higher doping levels, i.ｅ･，over 1 ×1020 cm'3 [10-12]･
The parameters of the epitaxial layer structure are listed in Table 3-1. In order to investigate
the effects of the base concentration Ｎｂ，HBT epitaχial layers with ＮＲｘanging from ５×1019 to
5×1020 cm゛3 were prepared, where the base thickness was fixed to ３０nm. ０ｎ the other hand,
in order to investigate the influences of the base thickness 恥。epitaχial layers with m
ranging from 15 to ８０nm were prepared. In this case, the base doping level was fixed to l ｘ
1020 cm'3｡
　　　For analyzing DC characteristics. conventional mesa structure devices were utilized.
For analyzing high-frequency performance, in contrast, self-aligned mesa structure devices
were fabricated. A schematic cross-section of the self-aligned HBT is shown in Fig. 3-1. In
addition to the self-aligned emitter-base formation, as described in chapter 2，the base and
the collector mesas were etched by using the base electrode as an etching mask [131. The
＆２　Ｅｘｐｅｒｉｍｅｎtａｌ Ｐｒｏｃｅｄｕｒｅｓ
























































　　　(100) Semi-Insulating GaAs Substrate
Fig. 3-1. Schematic cross-section of self-alignedHBT.
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side etching under the base electrode reduces the base･collector capacitance and, thus,
decreases the parasitic delay time. High･frequency characteristics were evaluated by
on-wafer ｓ･parameter measurements in the frequency range of１００MHz －40 GHz.
3.3　Effects of Base Doping Concentration
3.3.1　Experimental results
　　　゛lo investigate the bulk quality of the base layers with heavily carbon doping, the
properties of holes ａ８the majority carrier were evaluated. Figure 3･２ shows the dependence of
hole mobility on carrier concentration Nb in p-GaAs. The concentrations were evaluated by
HaU measurements using a van der Pauw configuration. ＡtＮＢ of up to 4 × 1020 cm･3， the
mobility gradually decreases in inverse proportion to Ar≪i/3;this result is consistent with the
theoretical calculation by Walukiewicz [14]. At higher Ｎｂ，however, the mobility drastically
decreases ａ８ the carrier concentration increases. Ouchi et a1. revealed by χ■ray diffractions
that the p-GaAs grown by the GSMBE system utilized in this study had ｎｏｎ･activated or
compensating Ｃ atoms at the As or Ga lattice sites when the doping concentration was above
4.6×1020 cm･3 [15]. Therefore, the drastic decrease in the hole mobility is probably caused by
the reduction of the activation rate of Ｃ. Since the decrease in the hole mobility limits the
reduction in sheet resistance of heavily-doped base layers, characteristics of HBTs with Nbo£
less than ４.6×1020 cm･3 were evaluated hereafter,｡
　　　TVpical Gummel plots for HBTs with Ｎｂ of ｌ ｘ 1020 cm･3 and 4 × 1020 cm･3 are shown in
Fig. 3･3. The emitter size of the measured devices was 10 μｍｘ10μm. The ideality factor of
the collector currentだin both devices is 1.0. On the other hand, the ideality factor of the base
current ris at low base-emitter bias voltage 陥£iｓ 2.0 in both devices, and at high Vbe, riB is
about 1.1 foｔＮｂ of ｌ ｘ 1020 cm･３ and about 1.3 foｒＮＢof ４ × 1020 cm･3. HBTs with Nb of below 3×
1020 cm･３ have almost the same properties ａ８those shown in Fig. 3･3(a), whereas HBTs with
Ｎｂ of above 3 × 1020 cm･３ have almost the same properties as those shown in Fig. 3-3(b).Ｔｈｅ
emitter size dependence of the base current showed that the base current with 匈of 2 at low



































Fig. 3-3. Gummel plots for HBTs with base concentration Ng of (a)l X 1020 cm'^ and
(b)4 ×1020 cm°3.
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陥,i was proportional to the length of the emitter periphery. This indicates that the base
current at low Ｖｍ originates from the recombination at the emitter depletion region around
the emitter periphery. In contrast, the base current with smaller ≪s at high 陥ｆ was in
proportion to the emitter size. suggesting that the contribution of the peripheral base current
ｉ８insignificant at higher Vbe- Figure 3･:４shows the current gain力|。zr万〇fthe HBT with Ｎｂofｌｘ
1020 cm･3 as a function of collector current density Jc. The ideality factor of the base current
estimated from the slop of the graph is less than 1.2 at Jc above l ｘ 102 A/cm2, suggesting that
the recombination current in the emitter depletion region ｉ８small enough at the Jc. These
results verify that the base current at higher Vbe consists of the back-injection current of holes
ｈｈand the recombination current in the intrinsic bulk base region Ｊｆｌｂｒ｡
　　　Figure 3-５ shows the dependence oihpE on Nb at ,ﾉCofl ｘ lO* A/cm2, where the hpE iｓ
mainly determined byＩｂｈandＩｎｈｒ-When ７Ｖ。is less than ３× 1020 cm･3， the hFE i8 inversely
proportional to the square of7vＢ･In contrast, the ｈｐＲdrastically decreases at higher Ｎｂ.
3.3.2　Analysis of current gain
　　　Here, the dependence oi hpE on Ｎｂ　ｓhown in Fig. 3-5 was analyzed to clarify their
relations. As previously stated, the recombination current in the emitter depletion region can
be ignored at the evaluated bias point. Consequently, the current gain ｈｐＥcan be ｅχpressed as
hｐＫ ゛ドザ臨士 (3･1)
where恥a is the current gain determined by the back injection of holes into the emitter, and
hpEbr is the current gain determined by the bulk recombination in the intrinsic base region.
Since the conduction band discontinuity ∠＼ＥｃａtInGaP/GaAs heterojunction ｉ８relatively small,
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Fig. 3-5. Dependence of current gain hp£ on base doping concentration Nn. The gains
were measured 刈C of 1 × 104 A/cm^. The hE is inversely proportional to the square
of ＮＢ when ＮＢis less 出ａｎ３× 1020 cm'3; whereas the hrr drastically decreases at
higheｒＮｏ･
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electron and hole diffusion coefficients, respectively, Ne the emitter doping concentration,　”ｉＢ
and rijEthe intrinsic carrier concentrations of base and emitter, respectively, Ncb (Nce) and ｙ。
伽ve) the effective densities of states in the conduction and valence bands in the base (emitter),










whereねis the diffusionlength of electrons in the base, and Tnthe minority electron lifetime.
The ７;,is given by [18]
1/ｒﾀ1°1/7'ｓlぴ1,rad+y^A °1×10‾10｀ＮＢ十らヽ鴫 (3･4)
where zｓ瞰・is the lifetime of Shockley-Read･Hall (SRH) type recombination and radiative
recombination, ta the lifetime dominated by Auger recombination, and Ba the Auger
coefficient｡
　　　When Nb is less than ３× 1020 cm･3， the current gain i8 invｅｒｓelyproportional to the
square of AT,。ａ８shown in Fig. 3･5. Accordingly, the current gain at Nb of less than 3 × 1020 cm･３
can be explained by Auger recombination process in the intrinsic base region. By assuming
that the base transit time is 0.2 ps [19], where the difEiision coefficient is calculated to be 23
cm2/s, the Auger recombination coefficient was estimated to be 8.1×10･3o cm^/s, which ｉ８in
good agreement with the previously reported values (2 － 10 × 10･3o cm6/s) [2,18,20]. WhenA^nis
above 3 ×1020 cm°3，in contrast, the current gain decreases significantly. This result, however,
cannot be simply explained only by the dependence on the carrier concentration ａ８
aforementioned equations. Since the base current with ng close to l i8 in proportion to the
emitter size at Nb of 4 ×1020 cm°3,it is inferred that the drastic decrease in the current gain by
the heavy doping is also ascribed to the increase of the recombination in the neutral base
region and the back injection of holes into the emitter｡
　　　Regarding the possibility of the significant increase in the bulk recombination. it has
been found that the photoluminescence intensity of Ｃ･doped GaAs grown by the GSMBE
system utilized in this study drastically decreased as the carrier concentration increased [15].
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The luminescence disappeared when the carrier concentration exceeded ２ ×1020 cm'3 even
though the good majority carrier property was obtained, as shown in Fig. 3･2. This result
suggests that the extremely high doping might induce the generation of point defects in the
base layer. which reduce the lifetime of recombination and thus increase the bulk
recombination in the neutral base region! as ａ result, the hFEb。is reduced. However, this
inference cannot explain that the base current with 匈of2 at low Vbe, which ｉ８in proportion to
the length of the emitter periphery, also drastically increases at Nb of 4 ×1020 cm･3， as
mentioned in the previous paragraph. Hence, the increase in the back injection of holes
should be considered to explain the drastic reduction of the current gains at Nb above 3 ×1020
cln°3｡
　　　　The back injection of holes in HBTs is limited by the barrier height due to the valence
band discontinuity AEy, ａ８described in chapter 2バNhen the base doping level is relatively
high, however, the bandgap narrowing and the Fermi level in accordance with the
Fermi･Dirac distribution should be taken into consideration for the effective barrier height of
holes｡
　　　　When the base concentration Nb is higher than the 7V。, the Fermi energy level Ep is




where p is the hole concentration and Fm{.rif)is the Fermi-Dirac integral of order one-half
ｅχpressedas
瓦鳥)悟≒証耐 (3-6)
Figure 3･6 shows the Fermi energies as a function of carrier concentration calculated by the
Boltzmann approximation and the Fermi-Dirac integral. As the carrier concentration
increases, the Fermi energy level by the Fermi-Dirac function Ｅｆ(fl3)drastically deviates from
that by the Boltzmann approximation E尺MB). The ｂ£Ｆ'＼nFig. 3'6 is the difference between
Ｅｆｉｆｉ))ａｎｄ恥辱4B),which is written as









Fig. 3-6. Calculated Fermi energies as a function of carrier concentration. ＥＦ(MB)is
the result that calculated by the Boltzmann approximation and %fD) is the result
than calculated by the Fermi-Dirac integral. The dotted line indicates the level of the
valence band.









where ＥｃＢ(Ece)and£。(£ke) are the conduction and valence band energies of the base
(emitter), respectively, and A£g the bandgap difference between the emitter and the base






This indicates that the effective barrier height of holeＳ　ｂＥｖｅｆ「(＝Ａ＆十AErgn - A£f) dominates
the hpEh- If the Ａ母7 is larger than the ｂ£ＢＧＮ，　＾Ｖｅｆｆbecomessmaller than Ａ£y, namely, the back
injection of holes into the emitter increases. Hence, the drastic decrease in the current gain at
Ｎｐａbove 3 × 1020 cm･3 is probably explained by considerinｇ t＾Ｖｅｆｆ･
3.3.3　Effectivehole barrier height
　　　To verify the cause of the significant reduction in the current gain at jV。above 3 × 1020
cm｀3,tｈｅeffective hole barrier height ＡＥｖｅｆｆＷａＳevaluated from the temperature dependence of
current gain. Figure 3-７shows the tjTiicalArrhenius plots of current gains of HBTs with Ｎｂof
５× 1019，1 × 1020, and 2 × 1020 cm･3. The data are taken at ａ ゐof l ｘ 104 A/cin2, where the
ideality factor of the base current is almost 1. The junction temperature 7:/was determined
from the dependence of the current gain on the power consumption and the substrate
temperature [23]. At Tj of around 330 K， the 1/hiぞis almost independent of temperature. The
l/hpEｉ８proportional to the square of A'b,indicating that the current gain is dominated by the













Fig. 3-7. Arrhenius plots of current gains of HBTs with base concentratioＩＶＳＮｒof
5 × 1019, 1 × 1020， and ２× 1020 cm'3. The data are taken at 7C of l ｘ 104 A/cm^.
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Auger recombination process, as mentioned previously. At higher Tj, the １/ｈｐＥvaries
exponentially with ｌｌＴｊ･This signifies that the back injection of holes affects the current gain.
Furthermore, the variation of the ｌ/ｈｐＥwith temperature decreases as Nb increases. This
result indicates that the ZsＥｖｅｆｆdecreasesby increasing Ｎｂ.The ∠＼EveffiSevaluated by fitting the
data to Eqs. (3-1), (3-3), and (3-9). The evaluated Ａ瓦ぶｓ for NBoi5×1019, 1 × 102o, and 2 ×1020
cm°3 are 0.33, 0.27, and 0.16 eV, respectively｡
　　　　TheＡＥｖｅｆｆＳａt Ｎｂ higher than ３×1020 cm･３ could not be evaluated accurately because the
variation of the １/ｈｐＥwith temperature was relatively small. Therefore, the Ａ瓦ぶｓ at higher
doping levels were estimated by using the calculated AE/T, and the evaluated AEf and ∠'＾ＢＧＮ-
Both AEv and ＆ＥＢＧＮｗｅｒｅinvestigated by evaluating AErand Ａ£Ｇ.Ｔｈｅ八万c,evaluated from the
difference between turn-on voltage corresponding to Jr in ａ forward Gummel plot and みｉｎａ
reverse Gummel plot [24], was about 0.08 V The bandgaps of InGaP and GaAs were
measured by the photoluminescence method to determinｅ　ｂｋＥｒ，　ａnd^EBGN. The bandgap of the
InGaP emitter was 1.89 eV. On the other hand, the bandgap of the ｊﾌｰGaAs base varies with
the base doping concentration, ａ８ shown in Fig. 3-8. The data show ａ variation as 7Vz,1/3and is
represented by
£g{eV)^＼A3-＼‘2×10‾87v1/3 (3･10)
which is similar to the bandgap obtained by Casey and Stem [25]. Based on these results and
the calculated 八£ｆ．thｅ＾Ｅｖcf「was estimated on the assumption that the hEsGN simply increases
ｂ£.ｄ＾　i.e.,A£ｒ＝Ｍ:Ｇ十ＡＥｂｇｎ一八Er.The result is shown as the dashed line in Fig. 3･9.Ｔｈｅ＆Ｅ町
becomes smaller than the AEyat Ｎｂof over 3 ×1019 cm･3， indicating that the large increase in
tｈｅ∠＼Ef strikingly reduces the effective barrier height of holes. The evaluated Ａ£り!ｓ from
measured temperature dependence of current gain are also shown as solid circles. The
estimated Ａ励がis slightly larger than the measured ＆Ｅ吋･The difference is probably because
the effects of the AEpand the 八iEsGN were separately considered. However, their dependence on
the carrier concentration is almost the same, and the measured results can be fitted when
ＡＥｂｇｎ　iｓａ ｓumed to be 0.6×108 Wfli's eV, instead of 1.2×10-8 A/≪1'3eV. The fitted Ａ£ぼis also
shown as the solid line in Fig. 3･9.












Fig. 3-8.　Bandgap of p-GaAs estimated by the photoluminescence at room












Fig. 3-9. Measured and estimated effective barrier heights of holes △Eχ/ｆAlso
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Fig. 3‘10. Dependence of current gain hE on base concentration Nb calculated by
using AEy and fitted＆ＥＶ哩Alｓｏshown are the measured results.
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　　　･Finally, the current gain was examined by using the ＡｊＥり･fittedto the measured results.
Figure 3･10 shows the current gains calculated by using Ａ£ｒand the fittedＡＥ町･AtA^fl above 3
×1020 cm"3, the measured current gains, shown ａ８ solid circles in Fig. 3°10，are almost
consistent with the current gains calculated by using the fitted ＡＥｖｅｆｆヽThis indicates that the
drastic reduction of the current gain at Nb above 3 ×1020 cm･３can be ｅχplained by the increase
in the back injection of holes caused by the reduction of the effective hole barrier height. The
measured current gains are slightly below the solid curve. This result can be attributed to the
increase in the recombination due to the reduction of the lifetime in the neutral base region
[15]. The current gains calculated by using the fitted ^Eveff become less than unity at Nb of
around ４×1020 cm'3. This result indicates that the highest base doping level for obtaining
current gains more than unity is limited up to 4 × 1020 cm'3 for the GSMBE system utilized in
this study even though the crystalline quality is improved. Although the limit of the doping
level can be varied with different epitaxial systems due to the different b£ｒ，　ａndthus Ａ£『
【26･32], suitable base doping concentration to obtain an appropriate current gain in
InGaP/GaAs HBTs ｉ８surmised to be less than １－ 2 ×1020 cm･3.
3.4　Effects of Base Thickness
3｡4.1　Experimental results and discussions
　　　The influences of the base thickness Wb on DC and high･frequency characteristics were
investigated by current gains and delay time analysis.
　　　Figure 3･11 shows the dependence of the current gain /,ｇon the base thickness 恥，
evaluated from Gummel plots at ａ collector current density ゐof l ｘ 104 A/cm2. The
dependence varies at Wr around 30 nm: the みａｉ８inversely proportional to the square of Wgat
Wb larger than ３０ｎｍ; while the /7a is inversely proportional to Wb at smaller 而,.
　　　As discussed in the previous section, hpE at Nr of l ｘ 1020 cm･3 is determined by the




















Fig. 3-12. Dependence of intrinsic transit time ７Ｆon base thickness Wo.






where Tnis the minority carrier lifetime in the neutral base redion and Ｑ is the base transit





where Z)。is the diffusion coefficient of electrons in the base. In ａ very thin base, in contrast,





where吻is the mean velocity of electrons in the base. Therefore, the dependence in Fig. 3･11
implies the relation between Wb and tr:the 713shows quadratic dependence on Wb at Wb larger
than ３０ nm, indicating that the electron transport in the base obeys the conventional
diffusion ｍｏｄｅ１;whereas the 7i，tends to show linear dependence at smaller 恥。suggesting
that nonequilibrium electron transport occurs.　　　　　　　　　　　　　　　　　　　　　。
　　　　Figure 3-１２shows the dependence of the intrinsic transit time Tp, the sum of 7zland the
collector transit time re, on Wb. The Tp was estimated ＆ｏｍ the dependence of cutoff frequency
on collector currents and the measured device parameters by using the method described in
chapter 2. The dependence of Tp also varies at Wr around 30 nm, which is the same ａ８the
result of the current gain, as shown in Fig. 3･11. This result suggests that the variation of 7Fis
mainly influenced by the variation of Tb'i.e.,the 7とisnot changed significantly at Wb ranging
＆om 15 to８０nm.
3.4.2　Effects on high-frequency performance
　　　Based on the above results, 7b and 717were analyzed as follows.When Wb is larger than
３０nm, the electron transport i8 diffusive. Therefore, Tb and 7とat Wr over 30 nm can be
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deduced from the Tp dependence on 恥by ｅχpressing TF = aWB^十Tc, where a isａ constant, and
7とisindependent of恥[38]. In contrast, tr at 恥less than 30 nm is estimated based on this
result at 恥,ｏｆ３０nm according as 籾is inversely proportional to 恥。and 7とis calculated by
using the 711and な｡
　　　Figure 3･13 shows the dependence of the deduced Tr and 7とon Wb. The ｔ does not
change even at l陥ofleｓｓ than ３０nm, verifying that the variation of the intrinsic transit time
mainly originates from the variation of 7i。namely, the ７(7is almost constant at Wb ranging
from 15 to ８０nm. The constant ７ｃindependent of WbIS probably ascribed to the relatively
small Ａ£ｃ(0.08 eV) [38]. The average electron velocity in the collector estimated from ｔ using
Eq.(2･19) in chapter 2 i8 about 2.1×107 cm/s, which is in good agreement with that simulated
on almost the same bias condition [39]. The dependence of the deduced rn on Wa is shown in
Fig. 3･14｡
　　　As shown in Figs. 3･13 and 3･14， tb,and thusてＦ，can be effectively reduced by reducing
恥。especially when 喝ｊｓlarger than ３０nm. However, tris not efifectivelyreduced because 7z，
is in proportion to 恥。not Wb^, and as ａ result, Ｑ occupies less than １/3 in 7ｙat Wrofless than
３０nm. This implies that the reduction of 恥ｊｓless effective for improving ａ cutoff frequency/r･
In contrast, the reduction of Wb monotonously increases the base sheet resistance and, thus,
decreases ａ maximum oscillation fｒｅqｕｅｎｃｙ刄ａχ.Figure 3･15 shows an instance of the
high･frequency characteristics of HBTs with Wb of 15 nm. WhUe the extremely high/r〇f 150
GHz is achieved. theふａχ is adversely as high as 70 GHz resulting from the large base
resistance due to the thin base. This result signifies that Wb of less than ３０ nm is not
appropriate for achieving both high,fr and八ａχ.Although the base resistance can be reduced by
increasing the base doping concentration, the doping level higher than １－ 2 ×1020 cm'3 is not
preferable for obtaining ａ moderate current gain, a8 discussed in the previous section. Hence,




























































Fig. 3-13. Dependence of deduced base transit time てＢand collector transit time てＣ
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Fig. 3‘15･斤ａｎｄ瓦ａｘas a function of collector currents for fabricated HBT with w. of




　　　　The effects of the base doping concentration Ｎｈ　ａndthe base thickness Wb on the
characteristics of InGaP/GaAs HBTs were studied in detail in order to optimize the base layer
design for high-speed operations. The current gain /,ｇat Nb of less than ３× 1020 cm･3 was
inversely proportional to the square of 7vz。indicating that the 力ａ was determined by Auger
recombination in the intrinsic base region. The /７ｇat 7V。above 3 × 1020 cm･3，in contrast.
decreased drastically because of the increase in the back injection of holes. The dependence of
ｈｐＥon temperature showed that the barrier height of holes decreased as Nb increased. The
reduction of the barrier height. i.e.,the effective barrier height was ｅχplained analytically and
experimentally by considering the bandgap narrowing and the Fermi level in accordance with
the Fermi-Dirac distribution. Consequently, the optimum base doping concentration to obtain
an appropriate current gain in InGaP/GaAs HBTs was estimated to be 1 － 2 ×1020 cm･3｡
　　　　The base transit time rflwas deduced from the dependences of the current gain and the
intrinsic transit time tf on Wb. At Wb larger than ３０ nm, the Tb eχhibited ａ quadratic
dependence on 馬。whereas the Tn tended to show ａ linear dependence at smaller l陥. The
collector transit time Ｒ７,０ｎthe other hand, was estimated to be independent ｏ£Ｗｂ.Ａ８ａ result,
the Ti。and thusてＦ，can be effectively reduced by reducing Wb at Wb of larger than ３０ｎｍ;
whereas tb is not effectively reduced at Wb ofless than ３０nm, which made 7i,occupy less than
l/3 in Tp.In considering the increase in the base resistance and the base doping level for
obtaining ａ moderate current gain, the optimum base thickness for achieving both high,fr and
刄ａχwas inferred to be around 30 nm.
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Chapter 4
InGaP/GaAs HBTs with WSi/Ti Base Electrode
and Buried SiO2 in the Ｅｘt:rinsicCollector
4.1　Introduction
　　　　As stated in chapter　1, GaAs-based HBTs are more attractive for high･speed
applications than Si bipolar devices due to their superior carrier transport properties [1,2].
Thus, they have been widely developed f1]ｒapplying to high･speed integrated circuits such
as　optical･fiber　communication　systems　and　microwave　or　millimeter-wave　wireless
communication systems [3･7].T(]date, GaAs HBTs with high cutoff frequency/}-〇ver 100 GHz
[8]and high maximum oscillation frｅqｕｅｎｃｙ刄ａχover200 GHz [9,10] have been exhibited.
However, these HBTs have considerably large device dimensions compared to Si BJTs and
SiGe HBTs. Therefore, GaAs HBTs require large collectorcurrents in order to operate at high
frequency. This causes large power dissipation as well as thermal･management problems
when they are applied to integrated circuits(ICs); especially highly integrated chips such ａ８
those used in high-speed communications｡
　　　　To solve the problem of the large power dissipation, reduction of the emitter size i8
inevitable. For this reason, GaAs HBTs with small emitter sizes of equal to or smaller than １
μm2 have already been demonstrated 【11･13]. However, their high･frequency characteristics
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were drastically degraded ａ８scaling down the device size. This is mainly due to the relatively
large base･collector capacitance resulting from the large base･collector junction area, which
increases the parasitic delay time of transistors. To reduce the base-collector capacitance, the
self･aligned technique that the base･collector mesa is etched by using the base electrode as ａ
wet-etching mask has been developed [14-16]. In this method, the base･collector junction area
underneath the periphery of the base electrode is removed by the side etching, as shown in
Fig. 3-1 in chapter 3. However, the extrinsic collector region used to contact the wire and the
base electrode, which is not scaled down in proportion to the emitter size, stillremains, as
mentioned in chapter 2. Hence, the key to improve the high-frequency performance in
small-scale GaAs HBTs is the reduction of the parasitic capacitance originating from the
extrinsic collector under the base contact pad region｡
　　　　One extensively utilized approach to reducing such parasitic capacitance is to perform
proton or oxygen ion implantation into the extrinsic collector regions [17,18]. The implanted
ions compensate the relatively low doping of the collector, thus fuUy depleting the extrinsic
collector regions. WhUe this approach has improved high-frequency performance, the
extrinsic collector region remains as an integral part of the overall transistor mesa, whose
dielectric constant is stiU as large as that of GaAs, and thus still contributes to ａ certain
amount ofparasitic capacitance. Furthermore, ion implantation increases the base resistance,
which also degrades the high-frequency characteristics. To eliminate the parasitic capacitance
completely, deletion of the subcollector layer under the base contact pad region has been
studied by using deep ion implantation or re growth technique [19-22]. However, these
techniques require a high･energy ｉｏｎ･implantation apparatus or ａ complex re growth process,
and they also can have problems due to the ion-implantation damage or the poor quality of
the regrowth interface｡
　　　　In this chapter, the author proposes ａ novel device structure with process technology
aimed at physically removing the GaAs in the extrinsic collector underneath the base contact
pad region. The process technology utilizes a buried SiO2 in the extrinsic collector region. The
technology also utilizes WSi/Ti as the base electrode, which simplifies and facilitates the
processing to fabricate such an HBT structure with buried SiO2. The proposed device
structure realizes the reduction of parasitic capacitance with the simultaneous scaling down
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of the emitter size and, consequently, enables the excellent high-frequency operation atａlow
collectorcurrent.
4．2　Proposal ｏｆNovel Device Structure
　　　　Schematic cross section and layout of the proposed device structure are illustrated in
Fig. 4-1. The structure has the following two main features｡
　　　　One feature is that the width of the base contact is reduced to 0.3μm by using a
self-aligning process, and the extrinsic collector region under the base electrode i8 buried by
SiO2. The buried SiO2 reduces the parasitic capacitance in the extrinsic collector because the
dielectric constant of SiO2 is about 1/3 of that of GaAs [23]. Narrowing the width of the base
contact also reduces the base-collector capacitance because it decreases the base-collector
junction area｡
　　　　Another feature is that WSiVTi metals are used as the base electrode. WSi has definite
advantages over conventional gold･based electrode ｍｅtals; i.e., it can be deposited by ａ
sputtering method with good step coverage and selectively patterned on GaAs and SiO2 by
using reactive ion etching (RIE). These advantageous properties simplify the processing and
enable the fabrication of base electrodes of small-scale HBTs with narrow base contacts and
buried SiO2 [24]. In addition. ａ thin Ti film inserted between WSi and ７,･type GaAs effectively
reduces the contact resistance compared to using WSi only, a8 discussed in the next section.
This suppresses the large increase in the base resistance that occurs when reducing the width
of the base contact, and therefore, makes it possible to achieve much higher frequency
performance｡
　　　　A11 these features simultaneously enable both the scaling down of the emitter size and
the reduction in the parasitic capacitance of the base･collector junction, leading to high･speed
operation of GaAs HBTs at low collector currents.















Fig. 4-1. (a) Schematic cross-section and (b)layout of proposed HBT structure with
WSi/Ti base electrode and buried Si02･
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　　　Before discussing the device fabrication, the ohmic contact characteristics of χ^''Si/ri
metals for D-GaAs are investigated. In order toｄｅsｉｇｎHBTs with both high/rand high/m。，
the optimum width of the base contact is also estimated.
4.3.1　Contact Resistance of WSi for/?-GaAs
　　　　Firstly, the possibility of WSi as the ohmic metal R)ｒｐ-GaAs was investigated. The
specific contact resistance Pc between p-GaAs and WSi was evaluated by ａ transmission line
model (TLM) measurement [25,26]. Actual HBT wafers, ａ８explained in the ｎｅχtsection, were
prepared for these experiments. The base layer was 30･nm thick and the hole concentration
Ｎｂvaried from ５× 1019 to 4 × 1020 cm･3, where the sheet resistances were in the range of 620 to
160 n/square. The layout of the TLM patterns and the cross･sectional view of the pattern are
shown in Fig. 4･2. The line width ｒ of the TLM patterns was 10 μm, and the spacing L
between the pads was 2，4, 8, 16 and 32 μm. The 300･nm thick χVSiχfilms were deposited on
the base layers through pattered SiO2 holes by ａ sputtering method. The composition ratio X
was 0.3, and the sheet resistance of the 300･ｎｍ･thick WSi was approximately 7 Ω/square. A
native oxide on /7-GaAs was removed by dilute HF solution before WSi deposition. An/Pt/Ti
metals were deposited ｏＴＶＷSias the contact pad for probing｡
　　　　The specific contact resistance几as a function of carrier concentration 7V。is shown in
Fig. 4-3. The dashed lines are calculated theoretical curves of the relationship between Pc and
Ｎｂ，corresponding to various potential barrier heights (pB.The calculation was carried out




























Fig. 4-2. Layout of TLM patterns and its cross sectional view:(a) layout patterns; (b)
cross section.









　102M 2 1020 5×1019
0.5 １．０ 1.5 2.0
φＢ＝0.8 eV
φB = 0.7 eV
φB = 0.6 eV
75
　　　　　　　　　　　　　　　　1010/ＮＢＩ/2(ｃｍ３/2)
Fig. 4‘3. Spedfic contact resistance for WSi as a function of carrier concentration N13
1n 30-nm-thickμ-type GaAs.





is the Richardson constant times T^, m the effective mass of holes, ４,the Schottky barrier
height, and Up the Fermi level measured from the valence band maximum. £00is the





where s is the dielectric constant of GaAs. In this calculation, s/eo=l3.1 and ｍ /mo＝ｍｉｈ／mo＝
0.082 are used [23], where ^o is the permittivity in vacuum and 扨ois the mass of free electron.
As shown in Fig. 4･3, the pc fits the theoretical curve 11)ｒ函of 0.8 eV at the lower carrier
concentration, indicating that WSi can be used as ａ non-alloyed ohmic electrode 最)ｒ
heavily-doped D-GaAs at Nb higher than ５×1019 cm･3. However, the contact resistance is
relatively large compared to conventionally utilized Aii/Pt-based metals. At ａ carrier
concentration of 1 ×1020 cm'3. for example， ＰｃｉorWSi is 2 ×10･6Ω･cm2, which is about one
order of magnitude higher than that for Au/Pt-based metal [28]. Although the lower几can be
obtained at the higher Nb, the pc deviates to higher 函ａｓ the carrier concentration increases.
The suppression of the 几reduction is probably ascribed to the interfacial oxide betweeＩＶ　＼＾Si
and GaAs [29]. Since the higher Nb also gives rise to the extreme reduction in current gain by
increasing the back injection of holes into the emitter, as discussed in chapter 3，the decrease
in <pB is inevitable to improve the high-frequency performance of the proposed device
structure.
4｡3.2　Effect of″n Insertion
　　　　As the ohmic contact metal for p-GaAs, various kinds of material systems with Pt or Ti
as the ground layer, such as Pt/Ti, Au/Pt/Ti, and Au/Pt/Ti/Pt, were studied as ａ stable
non-alloy ohmic electrode 【29･32]. Pt･based ohmic systems, in particular, have been widely
utilized because of its large work function, which is effective to reduce the hole barrier height.
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However, Pt ｉ８not usable in the proposed device fabrication because Pt ｉ８not sufficiently
adhesive to SiO2. To reduce the contact resistance for χNSi systems, therefore, insertion ofａ
thin Ti layer between p-GaAs and WSi was examined｡
　　　Figure 4･4 shows the dependence of A: at Nb of l ｘ 1020 cm･３ on the thickness of inserted
Ti layer. The contact resistance was reduced to 2 － 3 × 10･7 Ω･cm2 when the Ti layer was
thicker than ５ nm. This implies that Ti insertion as thin ａ８５ nm effectively reduces the
contact resistance; that is, the contact resistance is determined by the less than 5-nm thick Ti
layer close to the p-GaAs surface. The几〇f WSi and WSi/Ti (5 nm) as a function of carrier
concentration Nb is shown in Fig. 4-5.au these Pc values of wsi/n are about one order of
magnitude lower than those of WSi. The pc of WSi/Ti agrees well with the curve for 函of0.6
eV at any carrier concentration. These results indicate that the insertion of the thin Ti film
effectively decreases the potential barrier height and thus reduces the contact resistance｡
　　　To investigate the effect of the Ti insertion, the interface was observed by ａ
transmission electron microscope (TEM) equipped with an energy dispersive ｘ･ray
spectrometer (EDχ), and in-depth profiles were measured by Auger electron spectroscopy
(AES) with Ａｒ＋-ｉｏｎsputtering. Figure 4-6 shows the TEM cross sections of the samples with
an inserted Ti thickness of ５nm and ２０nm. In both cross sections, an amorphous layer with a
thickness of about ２ nm was observed. ＥＤχ Γevealed that the amorphous layer mainly
consisted of Ti exists between GaAs and Ti crystal layers. Figure 4･7 shows the AES depth
profiles ofwsiyTi on GaAs with ａ Ti thickness of 20 nm. Oxygen slightly exists in the vicinity
of Ti/GaAs inter伍ce. These results suggest that the amorphous layer is formed by the
reaction of Ti with ａ native oxide (jn the GaAs surface. and therefore, the lower contact
resistance than that without Ti insertion is probably attributed to the formation of
quasi-oxide･free interface between Ti andp-GaAs due to the high reactivity of Ti [33,34]. Since
the native oxide on the GaAs surface is speculated to be as thick as ２ nm, Ti insertion as thin
as 5 nm is enough 公)ｒreducing the contact resistance ofWSi systems.
4.3.3　Optimization of Base Contact Width
Narrowing the width of the base contact 恥c i8 indispensable to decrease the




Fig. 44. Dependence of specific contact resistance at NB of l ｘ 1020 cm'３ on thickness
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Fig. 4-5.　Specific contact resistance for WSi and WSi/Ti as a function of carrier
concentration Nb in p-GaAs layers.

































Fig. 4-8. Calculated product of base resistance Rb and base-collector capacitance
^BC as a function of base-contact width WBC･
? ? ? ?
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base･collector capacitance Ｃｒｃand thus increase both/r and/n^χ. However, the narrow contact
width simultaneously increases base resistance Rb, which degrades/max. This means that 恥,ｃ
has an optimum value for attaining both high fr and high/inaχ.In order to optimize the device
design around the base contact region, therefore, the dependence of the product of/?B and Crc
onＷｕｒ was estimated｡
　　　　Figure 4･8 shows the calculated product ofjでz,and Cbc ofａ device with an emitter size ＆
of 0.5μｍｘ5μｍ and ａ base doping concentration of 1 ×1020 cm･3. The calculation was carried
out by assuming that the device structure was as described in the next section. The product
for the case of the WSi base electrode reaches its minimum at 呼k of 0.55μｍ and rapidly
increases when Wbc is below 0.4μm. On the other hand, the product for the WSi/Ti electrode is
about 1/2 to 1/3 smaller than that for the WSi electrode. The product shows the minimum at
恥,c of 0.25μｍ and it does not show the remarkable increase even though 恥,c is less than ０.2
μｍ. These results are due to the ｅχtremely low 几of WSi/Ti, suggesting that 恥,ｃcan be
reduced to less than ０.4μｍ without greatly increasing base resistance. It should be noted
that the optimum value oiWBc can be slightly changed according to the emitter size. However,
the proposed HBT structure would reach both high/r andふａχ at 恥,ｃof around 0.2 to 0.3μｍ，
4.4　Fabrication Process
　　　　The epitaxial layers were grown by GSMBE, the details of which were described in
chapter 2. The parameters of the epitaxial layer structure are listed in Table 4-1. The
emitter-cap layers consist of highly doped w-InGaAs (50 nm。7＝4 × 1019cm･3)。7-GaAs (100 nm,
n = 8×1018 cm･3)，ａｎｄz?･InGaP (50 nm, n = 8×1018 cm･3)tｏ reduce the emitter resistance. The
emitter layer is 100-nm InGaP doped to 5 × 1017 cm･3. The /7-GaAs base layer i8 highly doped
to 1.3×1020 cm･3 to reduce the contact resistance with the WSi/Ti base electrode, and the
thickness is 30 nm to obtain an appropriate current gain at the high base doping level. The
wGaAs collector layer is 200 nm thick and doped to 2 × 1016 cm･3. The z7･GaAs subcoUector
layer is 800 nm thick and doped to 8 ×1018 cm･3. The relatively thick subcoUector layer was
used in order to bury the thick SiO2 in the extrinsic collector, and the relatively high doping
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was due to the reduction of the collector resistance｡
　　　　The main steps in the 伍brication process are shown schematically in Fig. 4･9. The
device fabrication starts with the deposition of χVAVSi on the InGaAs emitter･cap layer by RF
sputtering. These metals are formed into ａｎｏｎ･alloyed emitter electrode by RIE using CHF3
and SFg. By using the emitter electrode as an etching mask, the InGaAs and GaAs
emitter･cap layers are etched by C12/CH4 electron cyclotron resonance (ECR) plasma [Fig.
4-9(a)]｡
　　　　This is followed by ａ thick SiO2 sidewall formation around the emitter electrode and
the emitter･cap mesas. By using this sidewall ａ８an etching mask. the base-collector mesa i8
self-aligningly formed by ECR plasma etching [Fig. 4･9(b)]｡
　　　　After F+ ions are implanted to isolate each device, thick SiO2 丘)ｒburying the outsides of
the base and collector mesas is deposited and the wafer surface i8 planarized by photoresist
[Fig. 4-9(c)]. The buried SiO2 structure is then formed by a simultaneous etchback of both
photoresist and SiO2 【Fig. 4･9(d)]｡
　　　　Subsequently, the InGaP layers are etched by ECR plasma, remaining at least 50 nm
unetched in order to avoid the plasma damage to the base surface. Then, a thin sidewall of
SiO2 is formed for separating the emitter and the base metal [Fig. 4･9(ｅ)].The thinner
sidewall effectively decreases the device dimensions. However, the small emitter･base contact
spacing induces the current gain reduction caused by the direct recombination at the base
contact surface due to the lateral difiusion of electrons. When the base doping level is 1 ×
1020 cm'3， more than 0.04μm is necessary for avoiding the recombination at the base contact
surface[35]. Therefore, the thickness of the sidewall was designed as 0.1μm. According to the
result discussed in the previous section, the optimum width of the base contact ｉ８around 0.2
to 0.3μm. Consequently, the thickness of the sidewall for the base･collector mesa-etching
shown in Fig. 4･9(b) was designed a8 0.4μｍ｡
　　　　The remaining InGaP layer is removed by selective wet-chemical etching using a
solution of dilute HCl to expose the base ８ｕｒ伍ceundamagedly. During this etching, the side of
the emitter layer is almost unetched due to the dependence of the etching rate on the plane
orientation of crystals. Subsequently, Ti and WSi metals are deposited by RF sputtering and
etched by RIE and dilute HF to define the base electrode area, using photoresist ａ８ａ maslc























Fig. 4-9. Fabrication steps for proposed HBT with WSi/Ti base elecセode and bxiriedSiOo.
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Fig. 4-10. SEM cross-section of the fabricated HBT with a WSi/ Ti base electrode and
buried Si02･
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[Fig. 4-9(f)]｡
　　　AuGeAV/Ni/Au/Mo is then evaporated on the subcoUector and formed as ａ collector
electrode by ａlift-offprocess, followed by alloying at 350°C for 30 minutes. Subsequently, the
WSi on the emitter electrode is selectively etched by RIE with CF4 by using ａ photoresist
mask, and the Ti on the emitter electrode is removed by dilute HF [Fig. 4-9(g)]. Finally, the
metallization process follows and the device structure is completed [Fig. 4･9(h)1｡
　　　Figure 4-10 shows ａ cross-sectional scanning electron micrograph (SEM) of the
developed HBT. The base contact width is about 0.3μｍ and the sidewall thickness is almost
0.1μm. The final thickness of the buried SiO2 is about 0.4μm. It is seen that the wsi/n base
electrode covers both the narrow base contact surface and the buried SiO2 outside of the
base･collector junction, indicating that WSi and Ti are useful metals in fabricating the base
electrodes for small･scale HBTs with ａ narrow contact region and buried SiO2.
4.５　Device Performance
4.5.1　DC characteristics
　　　The DC characteristics of the developed HBTs with various emitter sizes were
evaluated by using an HP4145B semiconductor parameter analyzer,｡
　　　The common-emitter k 一ＦｃＥcharacteristics for the developed HBT with an emitter
ｓiｚｅ＆of0.3μmx 1.6μｍ are shown in Fig. 4･11. The small signal current gain hfeis 15, and ａ
collector-emitter breakdown voltage ｊ陥g of 10 － 11 ｖ is attained. The offset voltage is about
0.25 V This relatively large offset voltage is probably attributed to the relatively large ratio of
the base-collector junction area to the emitter area ａ８ well as the difference in turn･on
voltages of the base-emitter and the base･collector junction [36]. Figure 4･12 shows ａ Gummel
plot for the HBT with an をof0.3μm X 1.6μm. The ideality factors of the collector and the
base currents are 1.0 and 1.6, respectively. The DC current gainflFE of 20 is achieved at ａ
collector current density Ｊｃｏｆ１×105 A/cm2, and decreases at ,ﾉｃabove 2 ×105 A/cm2 because









Fig, 4-11. Common-emitter 7C“ VCE characteristicsof fabricated HBT with emitter











Fig. 4-12. Giimmel plot for fabricated HBT with emitter size Se of 0.3 Hm xl.6μｍ.
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3, the current gain ofHBTs with the base thickness of 30 nm and the base concentration of 1.3
×1020 cm゛3is estimated to be about 30. Therefore, the current gain of the developed HBT is
smaller than the expected value｡
　　　In order to investigate the emitter size efifectof the developed HBTs, the dependence of
current gain /,ｇon the ratio of the length of the emitter periphery Le and the emitter size Se
was evaluated by using the method stated in chapter 2. Figure 4･13 shows the dependence of
ｌ/ｈｐＥon Ｌｒ/ｓａorthe developed HBTs at ａ collector current density of 5 × 104 A/cm2. Although
the current gain is slightly decreased with scaling down the emitter size, the intrinsic current
gain estimated from tｈｅﾀｰintercept in Fig. ４･13 is almost 30， which is the same as the
expected value. The peripheral component of the base current, estimated ｎ･om the slope of the
line in Fig. 4-13, was 1.8×10･6 A/μm. This value is comparable to that of AlGaAs/GaAs HBTs
with an AlGaAs surface passivation layer even though the developed HBTs do not have ａ thin
emitter layer on the extrinsic base regions for surface passivation [12]. These results indicate
that the emitter size effect of the developed small^scaled InGaP/GaAs HBTs is insignificant
owing to the low ｓｕｒ伍cerecombination velocity of InGaP; i.e., the current gain can be
improved by the reduction in the base doping concentration.
4.5.2　High-frequency characteristics
　　　The high-frequency characteristics of the developed HBTs were investigated by
measuring s-parameters using on-wafer RF probes with an HP85107A network analyzer
system and cascade microwave probes. The measurements were carried out in the frequency
range of １００MHz to ４０GHz. The pad parasitics were de-embedded using the method
presented by Costa et a1.[37]
　　　Figure 4･14 shows the frequency dependence of the small-signal current gain lみ2112，
unilateral power gain び,and maximum stable gain MSG for an HBT with an emitter size みof
0.6μmx4.6μm. The collector-emitterbias voltage VcE was 1.6ｖ and the collectorcurrent Ir
was ４ mA. The/r and｡/kl。as estimated with '20 dB/decade extrapolations from ＼h．112 and び
were 138 GHz and 275 GHz, respectively.















Fig. 4-13. Dependence ofｌ /晦ＥｏｎＬｅＩＳｐ£or fabricated HBTs at collector current























































Fig. 4-14. Frequency dependence of small-signal current gain l 712112･ unilateral
power gain 恥ａｎｄmaximum stable gain MSG for fabricated HBT with Se of 0.6μmx
4.6 1λｍat ^C£ ° 1.6 ｖ and ７Ｃ°４ mA. The dashed lines are extrapolations of I^21 12
andびwith ａ -20 dB/decade slope.




























Fig. 4-15. Collector current dependence of (ａ)脊ａｎｄ(b)瓦ａχfor developed HBT with
Se of 0.6 11m ｘ 4.6 μｍ and conventional HBT (SE °1.2 11m ｘ 3｀4μm) demonstrated in
chapter 2.
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with an Se of 0.6μmx 4.6μm at a Vce of 1.6 V. The HBT exhibits ａｐｅａｋ力of138 GHz and ａ
peak/n,a。of 275 GHz at an /cof4 mA. The figure also shows the results for the conventional
HBT (Se = 1.2μm X 3.4μm) without using buried SiO2, which ｉ８demonstrated in chapter 2.
The developed HBT operates at much higher^ andふａχ for lower collector currents than the
conventional HBT. This excellent high･frequency performance for low collector currents is due
to the simultaneous reduction of the emitter size and base･collector capacitance. Several
characteristics of the developed HBT and the conventional HBT are summarized in Table 4･2.
The Cbc of the developed HBT was reduced t0 7.6 fF, which is about l/3 of that of the
conventional HBT, whereas the みof the developed HBT ｉ８ about 2/3 0f that of the
conventional HBT. Ａ８ａ result, botｈをand 7とｃare greatly decreased. This indicates that
reducing parasitic Ｃｂｃwith the simultaneous reduction of the emitter size effectively
improves the high･frequency performance in small･scale HBTs at low collector currents. It is
also shown in Fig. 4･15 that the improvement oifj･by implementing the buried SiO2 structure
ｉ８less than that Of^ax. This is ascribed to the increase of the parasitic resistances Ree and Rr
resulting fi･om the reduction of the device dimension, which increases the parasitic delay time
and thus interferes the improvement of/r. Therefore, the reduction in parasitic resistances is
indispensable for the further improvement of the high･n･equency performance｡
　　　　Figure 4･16 shows the collector current dependence of/z･and/。for the HBT with an ＆
of 0.3μmx 1.6μm at a Vr万〇fl.6 V. The high･frequency performance ｉ８degraded compared to
the larger device because the ＣＢＣ．thevalue of which i8 4.1£F, is not reduced in proportion to
the emitter size. However, ａｐｅａｋ力〇f96 GHz and ａ peakふぶ)f 197 GHz are achieved atａｎを
ofｌ mA. Furthermore, the device exhibits/r as high as 40 GHz ａｎｄ｡/maxas high as 100 GHz at
an Ic ａ８low ａ８０.１mA. Compared with the results forａ SiGe HBT with ａ small 5rof 0.14μmx
1,5μｍ which exhibited high°frequency operation at ａ low collector current [38], the力and the
/nax for the developed small HBT are higher than those for the SiGe HBT at any range of
collector currents. This result indicates that the proposed HBT structure will enable the
伍brication ofintegrated circuits with a higher speed and lower power than SiGe HBTs.
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Fig. 4-16. Collector current dependence of (ａ)ルａｎｄ(b)左ａχfor developed HBT with
SE of 0.3μm X 1.6μｍ at ycE of l°6V°
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4.6　Summary
　　　　High-speed and lowcurrent operations of InGaP/GaAs HBTs have been demonstrated･
Ａ novel device structure with process technology was proposed to realize high-speed and
lowpower operation of small･scale InGaP/GaAs HBTs. The structure had ａ χVSi/Ti base
electrode and buried SiO2 in the extrinsic collector region under the base electrode, those
enabled the simultaneous reduction of both the emitter size and the parasitic base･collector
capacitance｡
　　　　The ohmic contact characteristics ofχvsi/n metals were investigated to utilize them as
the base electrode. The specific contact resistance pc of WSi 藪)ｒｐ･GaAs with an Ｎｂ of １ ×
1020 cm･3 was dramatically reduced &om ２×10‘6Ω･cm^to 3 ×10･7Ω･cm2 by inserting a 5･nm
Ｔｉ丘lm between the interface. Ｔｈｅｌｏｗ几made it possible to reduce the optimum base contact
width for achieving both high/r and high刄ｌ。to less than ０.4μｍ without the large increase in
the base resistance. The fabricated device structure exhibited that the WSi/Ti base electrode
covered both the narrow base contact surface and the buried SiO2 outside of the base･collector
junction, indicating that WSi and Ti are useful metals in fabricating the base electrodes 丘)ｒ
small-scale HBTs with ａ narrow contact region and buried SiO2｡
　　　　Utilizing an InGaP emitter effectively suppressed the emitter size effect and, as a
result, a DC current gain of 20 was achieved for an HBT with an ＆of 0.3μm X 1.6μｍ.
Small-scale devices demonstrated excellent high･frequency characteristics at low collector
currents: an HBT with an SEoiO.6μmx4.6μm provided an力〇f 138 GHz and an^axof275
GHz at an Ic of 4 mA; and an HBT with an Se of 0.3μmx 1.6μｍ provided an力〇f96 GHz and
ａｎｊ。of 197 GHz at an Ic ofｌ mA. The higher speed and lower current operations of the
developed HBTs than those of conventional HBTs verified that the simultaneous reduction of
both the emitter size and the extrinsic collector capacitance was effective for improving the
high･frequency performance in small･scale GaAs HBTs, indicating the great potential of the
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Chapter 5
Improvement of High-Frequency Performance
in Small-Scale InGaP/GaAs HBTs
and Their Applications toIntegrated Circuits
5.1　Introduction
　　　　In chapter 4，ａ novel device structure of an HBT with ａχvsiyTibase electrode and
buried SiOa in the ｅχtrinsiccollector was proposed. This novel device structure enabled
simultaneous reduction in both the emitter size and the base-collector parasitic capacitance
and, thus, allowed the developed GaAs HBTs to operate at a high frequency and a low
collectorcurrent compared to conventional GaAs HBTs. Among the developed HBTs, however,
the high･frequency performance of smaller devices was degraded compared to that of larger
devices. The reason is explained by Fig. 5･1. Figure 5-l shows the dependence of the emitter
resistanceＲｒｅand the base･collector capacitance Ｃｒｃon the emitter size of the developed
HBTs demonstrated in chapter 4. The emitter resistance is reversely proportional to the
emitter ｓiｚｅ;while the capacitance ｉ８not scaled down in proportion to the emitter size
because of the parasitic capacitance, as shown in Fig. 5･l(b).This implies that the parasitic
capacitance　still influences the increase in parasitic delays even though the extrinsic
capacitance was substantially reduced compared to the conventional devices｡
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Fig. 5-1. Dependence of (a) emitter resistance ^EE and (b) base-collector capacitance
^BC on emitter size % for the developed HBTs demonstrated in chapter 4. The
components of the intrinsic and extrinsic capacitances (ＣｉａｎｄＣａ)ａt the base-
collector junction region and the parasitic capacitance (CSi02)ａt the buried SiOo
region - calculated according to their areas －are also shown.
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　　　In this chapter, the advanced high-frequency performance of small･scale InGaP/GaAs
HBTs is exhibited. To improve the high･frequency characteristics of small-scale devices. the
base･collector capacitance is further reduced by refining the process technology and the device
design. The characteristics of the improved HBTs are compared with the previously-reported
high-performance bipolar devices. The capability of the developed HBTs for high-speed and
ｌｏｗ･powerintegrated circuitsis also investigated by applying them to l/8 static６･equency
dividers as digital circuitsand transimpedance amplifiers as analog circuits.
5.２　Refinements of Fabrication Process
　　　　For the further reduction of the parasitic Cbc caused by a buried SiO2, CsiO2i the
fabrication process was refined to increase the thickness of the buried SiO2 and to reduce the
area of the base electrode｡
　　　　With respect to the buried SiO2 thickness, the thickness was limited by the uneven
surface after planarization. Figure 5･2 shows the schematic illustrations of the planarized
surface before and after etchback. The flatness of planarized surface depends on the layout
patterns, giving rise to the uneven surface. This causes the non-uniformity of the buried SiO2
thickness after etchback, which makes it difficult to bury thick SiO2, as well as lowers the
device yield｡
　　　　To improve the flatness of the planarized surface, ａ double photoresist coating with
high･temperature reflow was proposed. Figure 5･3 shows the SEM cross･sections at the first
photoresist coating before and after reflow. The surface flatness was considerably improved by
the high-temperature reflow over 200°ＣバTogether with the second photoresist coating, the
flatness of the planarized surface was further improved; that is, the variation of the thickness
of the buried SiO2 in a 3-inch-diameter wafer after etchback was reduced from over 100 nm to
below 40 nm. In consequence, the thickness of the buried SiO2 was successfully increased to
0.５μm, which is 25% larger than that in the previous process used in chapter 4, as well as the
device yield from 70% to more than 90％｡
　　　　In regard to the area reduction of the base electrode, dｒｙ･etching process of WSi metal














Fig. 5-2. Schematic illustrations of the planarized stirface before and after etchback･
Layout patterns give rise to the xmevenness of the planarized surface，　ｃａusingthe




Fig. 5‘3.SEM cross-sections at the firstphotoresist coating (a) before and
(b) after reflow at 200°Ｃ.
-
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Fig. 54. Emitter length dependence of the base-collector capacitance ^BC atａzero
bias with an emitter width Wp of 0.5 [xm. The solid and open circles.respectively.
represent the improved HBTs by process refinement and the developed HBTs
demonstrated in chapter 4. The components of the intrinsic and extrinsic
capacitances (C,,jand Cex) at the base-collector junction ｒｅがon and the parasitic
capacitance (CgjoJ at the buried SiOo region - calculated according to their areas －
are also shown.
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was refined. An isotropic etching with high etching selectivity between WSi and SiO2 was
accomplished by ａ chemical dry etching by CF4 radicals. This enabled the reduction of the
base electrode area by controlling the side-etching time. Consequently, the electrode area was
reduced by about 20% compared to the previous devices stated in chapter 4｡
　　　　Figure 5･4 shows the emitter length dependence of base-collector capacitance Cj5cof the
HBTs with an emitter width of 0.5μｍ伍bricated by using the refined processes and the
previous process demonstrated in chapter 4. In the figure, the components of the intrinsic and
extrinsic capacitances ((ふand Cj at the base･collector junction region and the parasitic
capacitance (Csi02) at the buried SiO2 region － calculated according to their areas － are also
shown for comparison. It is signified that, by the process ｒｅ丘nements, the parasitic
capacitance at the buried SiO2 region is reduced by 50% compared to the previous devices.
The reduction of the capacitance is more efifectivein smaller devices. For instance， Ｃｒｃofａ
device with an emitter･length of 9.5μm is reduced by 13%, whUe Crc of ａ device with an
emitter°length of 1.5μm is reduced by 21%. This result suggests that the process refinements
wiU bring further improvement of high-frequency performance in small･scale GaAs HBTs.
5.３　Device Fabrication
　　　　The parameters of the epitaxial layer structure are listed in Table 5･1. The layer
structure ｉ８the same as that used in chapter 4 except n)ｒthe base doping concentration. Tb
obtain ａ higher current gain than that in chapter 4, the doping concentration was reduced to 1
×1020 cm'3｡
　　　　The device fabrication process is basically the same ａ８that described in chapter 4. The
refined processes were utilized for the planarization and the dry etching ofWSi. The width of
the base contact region was optimized for attaining both ｈｉｇｈ力and highym。.When the base
doping concentration was 1 ×1020 cm'3 and the buried SiO2 thickness was 0.5μｍ for the
device with an emitter size of 0.5μｍｘ5μm, the optimum Ｗｂｃfor obtaining the minimum
value of the product of Ra and Crc was calculated to be 0.25μm. Therefore, Wnr was designed
as 0.25μm by controlling the thickness of SiO2 sidewalls for the self-align mask of the
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base･collector mesa formation and for the emitter･base separation｡
　　　The process for wiring to fabricate integrated circuitsi8 a8 follows. After devices are
passivated and planarized with SiO2 and spin･ｏｎ･glass,ａ８shown in Fig. 4･9(h)in chapter 4，
WSiN resistors with 100 Q/square sheet resistance and the firstlevel of the metallization are
fabricated. This metallization forms most of the probe pads, resistor contacts, capacitor
bottom plate.interconnect wiring. and transmission lines. To serve as interconnect crossovers
for the second wiring levels, the firstlevel of metallization is passivated and planarized with
SiO2 and spin･on-glass. SiN is then deposited and etched away in unwanted regions in order
to form MIM capacitors. Finally, Au is evaporated to form the second level of metallization
and the top plate of the MIM capacitors.
5.４　Device Performance
5.4.1　DC characteristics
　　　DC characteristics of an improved HBT with an emitter size 5£of 0.25μm X 1.5μｍ are
shown in Fig. 5-5. Figure 5･5(a) shows the common･emitter Ir 一 陥zi characteristics. Ａ small
signal current gain 知of 28 is attained. The offset voltage is about 0.3 ｙ and the collector･
emitter breakdown voltage 召垢g i8 9.６Ｖ Figure 5･5(b) shows ａ Gummel plot at ａ base･
collector bias voltage 陥ｃof ＯV. The DC current gain hPE of 30 i8 achieved at ａ collector current
density Jc of 1 ×105 A/cm2. The gain ｉ８ about 1.5 times larger than that of the HBT
demonstrated in chapter 4, resulting from the decrease in the base doping concentration.
5.4.2　High-frequency characteristics
　　　Figure 5･６ shows the frequency dependence of small･signal current gain l/･21I 2.
unilateral power gain び, and maximum stable gain MSG for an HBT with an ＆of0.5μm X
4.５μｍ. The collector-emitter bias voltage l＾ＣＥwas １.5ｖ and the collector current Ic was 3.５











Fig. 5-5. DC characteristicsforimproved HBT with an emitter size Se of 0.25μmx
l.5μｍ:(a) common-emitter k －^ C£ characteristics;(b) Gummel plot.
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Fig. 5-6. Frequency dependence of small-signal current gain l/12112･unilateralpower
gain£/,and maximum stable gain MSG of improved HBT with Se of 0.5 11m χ4.5μｍ.
The measurements were done at ^C£ °1.5ｖ and ７Ｃ°3.５mA. The dashed lines are











Fig. 5-7. Dependence ｏｆ斤ａｎｄ瓦ａｘon collectorcurrent of improved HBT with Spof
0.5 11m ｘ 4.5μm measured at VCE ゛1.5 V.
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156 GHz and 255 GHz, respectively. Figure 5･7 shows the dependence of/r andymax on Iq of the
HBT with an 55 of 0.5μm X 4.5μm at a Vce of 1.5 V. The HBT exhibits ａ peak/rof 156 GHz at
ａｎかof 3.5 mA and ａｐｅａｋ刄。of260 GHz at an k of３.２mA. The/max is lower than that of the
HBT demonstrated in chapter 4. This is ascribed to the reduction of both the base doping
concentration and the base contact width, those increased the base resistance. In contrast, the
力iｓ increased by 18 GHz owing to the further reduction of the parasitic capacitanceプTo the
author's knowledge, this is the first result of GaAs HBTs ｗitｈ力〇ver 150 GHz ａｎｄ八ａχover
250 GHｚ｡
　　　　Figure 5･8 shows the frequency dependence of 1/^21I2, び,and MSG for an HBT with an
5ijof0.25μm X 1.5μm at a Vce of 1.5 ｖ and an k of ０.９mA.The estimated//- and/ぷwere 114
GHz and 230 GHz, respectively. Figure 5-9 shows the dependence oifr and yiiaxon Ic of the
HBT with an S£of 0.25μm X 1.5μm at a Vce of 1.5 V. A peak/r〇f 114 GHz and ａ peak.^ax of
230 GHz are achieved at an k of only 0.９mA. Furthermore, the device operates ａt力ａｓ high
as 50 GHz ａｎｄふａχａ８ high as 135 GHz at an Ic ａ８low ａ８０.１ mA. These ｅχcellent
high･frequency characteristics at the low collector currents are due to the simultaneous
reduction of the emitter size and base･collector capacitance. TVpical device characteristics of
the improved HBTs are summarized in Table 5･2｡
　　　　Figure 5-10 compares the dependence of peak fj and peak /nax on Se of the improved
HBTs with the devices demonstrated in chapter 4. The improved HBTs exhibited much better
high･frequency performance with ａ much smaller emitter size than HBTs demonstrated in
chapter 4，indicating that further reduction of the parasitic Crc by the process and design
refinements effectively suppresses the degradation of high-frequency performance in
small-scale devices｡
　　　　Here the performance of the developed HBTs are compared with those of previously･
reported high･performance HBTs. Figure 5-11 shows the comparison of dependence of peak//-
and ｐｅａｋy㎞ｏｎIc [1-22]. The developed HBTs operate at higher frequency for low collector
currents than not only previously-reported GaAs HBTs, but also SiGe and InP HBTs. Figure
5･１２compares/7- and ＢｙｃＥｏof the developed HBTs with previously･reported high-speed HBTs
【4･14,18･22]. The力一ｊ昨g product is one of the figures･of･merits of high-speed bipolar












Fig. 5-8. Frequency dependence of small-signal current gain l/Z2i12･ unilateralpower
gain£/,and maximum stable gain MSG of improved HBT with Sg of 0.25 11m ｘ1.5μｍ











Fig. 5-9. Dependence ｏｆ斤ａｎｄ瓦ａｘon collectorcurrent of improved HBT with SrOf
0.25μｍｘ1.5μｍmeasured at ^CE ゛1.5 V.
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Fig. 5-10. Comparison of the peakfj and Ｐｅａｋ左ａｘｖｅｒsｕsemitter size S£ of improved
HBTs with the HBTs demonstrated in chapter 4.






























Fig. 5‘11. Comparison of dependence of (ａ)Ｐｅａｋ脊ａｎｄ(b)Ｐｅａｋ瓦ａｘon collector












































Fig. 5-12. Comparison ｏｆルand BVcEo ofimproved HBTs with previously reported
high-speed HBTs.









Fig.5-13. Comparison of/r and/max ofimproved HBTs ｗithpreviously reported
high-speed HBTs.
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developed HBTs achieve the highest力一ｊ陥g product of 1.５ＴＨｚ･ｙ suggesting the potential
of the developed HBTs R)ｒboth ultra-high-speed digital ICs and analog ICs with large output
voltages. Furthermore, the value is even larger than that of InP double heterojunction bipolar
transistors (DHBTs) [13,18]. This implies that, by optimizing the collector thickness, the
developed HBTs can operate at higher frequency than InP DHBTs for a given breakdown
voltage. Figure 5･13 shows the comparison of the values of the ｡/ぶｎａχpair with those of
previously reported high-speed HBTs [4-14,18-22]. The/Ｔ/／ｍａｘI)aiｒi8 also one of the figures･of-
merits for high-speed digital and analog circuits [231. The developed HBTs exhibit the highest
fr/fmsx.pair among the GaAs HBTs ever reported. It should be noted that, although some InP
HBTs demonstrated much higher performance, the developed HBTs exhibit the high values at
lower collector currents than InP HBTs, as shown in Fig. 5･11. These results indicate ａ great
potential of the developed HBTs for high･speed and ｌｏｗ･power operations.
5.５　Applications to Integrated Circuits
　　　To investigate the capability of the developed HBTs as elements of high･speed and
ｌｏｗ･power integrated circuits, the developed technology was applied to the 伍brication of 1/8
static frequency dividers as digital circuits and transimpedance amplifiers ａ８analog circuits.
5.5.1　Static frequency divider
　　　A block diagram of ａｌ/8 static frequency divider is shown in Fig. 5-14. The frequency
divider consists of an input buffer composed by emitter followers with 50-n on･chip resistors,
three stages of divide-bytwo master-slave Ｔ･type flip-flop(MS-T･FF) with an internal buffer
in series, and an output buflfer consisting of a differential amplifier. Figure 5･15 shows the
circuit diagram of ＭＳ･Ｔ･FF. Each Ｔ･FF ｉ８constructed with series･gated emitter･coupled logic
(ECL) with an internal single･ended voltage swing of 400 mV. The divider includes 187
transistors with ａｎみof0.5μmx4.5μm. Some diodes are inserted in order to control the bias
of the HBTs around the peak/rand/n,。.The supply voltages り■Eand Vcs are･6.5 V and･2.0 V,
? ? ? ?
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T-FF 証 MST-FF ㈲: MST-FF 証≠
Fig. 5-14. Block diagram of ａｌ /8 static frequency divider.
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－IN
Fig. 5-15. Circuit diagram of master-slave Ｔ-tyＰｅflip-flop･
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respectively, and the collector current per ECL transistor tree ｉ８４.８mA. Although the
operating current density was rather high 仇～2×105 A/cm2), significant degradations of
characteristics were not observed during the operations. Figure 5･16 shows ａchip micrograph
of the fabricated frequency divider.The size of the chip is 0.9 mm X 1.8 mm and the MS･Ｔ･FF
with the internal buffer occupies 2 10 μｍｘ440μm. About 1/3 of the chip area is fiUed with
large capacitors,ｓｏ･calledecoupling capacitors, which are inserted between the each power
supply line and the ground in order to stabilizethe supply voltages｡
　　　　The measured minimum input peak-to-peak voltage りL.pversus the input frequency of
the fabricated divider i8 shown in Fig. 5･17. The divider was driven by ａ single･ended input
signal, and reliable operation was guaranteed above the minimum input voltage. In the
frequency range of 3-38 GHz, the minimum input voltage is less than 500 mｖp°p.The
self･oscillationfrequency ｉ８about 24 GHz, and the divider operates up to 39.5 GHz. Figure
5･18 shows the input and output waveforms at the highest frequency operation. The power
consumption per flip-flopi8 190 mW.
　　　　Figure 5-19 shows the dependence of the maximum toggle frequency on the power per
ｎｉｐ･flop.The results for previously･reported static n･equency dividers using ECL gates are
also shown in the figure [10,19,20,24･27]. The power consumption of the fabricated dividers is
about 2/3 of those of previously･reported GaAs･HBT static frequency dividers with the same
operating frequency [10,24]. This result verifiesthat the simultaneous reduction of both the
emitter size and the parasitic Cbc is effectivefor the high･speed and low-power operation of
digital circuits.Although higher fi･equency operation ｉ８achieved by InP HBTs due to the
higherふthe power consumption i8 further high because of the larger Se. Since the developed
GaAs HBTs had higher力一ＢＶｃ.ｖｎproduct than InP HBTs, as shown in Fig. 5･12, the
optimization of the collector thickness for a given breakdown voltage will enable the
developed HBTs to operate with much higher toggle frequency at the same power than InP
HBTs. It should be noted that the maximum toggle frequency for SiGe HBTs ｉ８higher than
that R)ｒthe developed GaAs HBTs in spite of the lower/r andふＪ)f the SiGe HBTs [20]. This
18 probably ascribed to interconnect delay owing to the relatively relaxed circuitlayout, as
shown in Fig. 5-16. Therefore, the refinement of the layout design for wiring i8 the key issue
for the improvement in the high-frequency operation of digital circuits using the developed
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Fig. 5-18. Measured (a)input and (b) output waveforms of the l /8 staticfrequenq'^

















Fig. 5‘19.Comparison of dependence of the maximum toggle frequency on the power
per flip-flopof fabricated frequency dividers with previouly reported results.
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GaAs HBTs.
5.5.2　Transimpedance ampli:fier
　　　Ａ circuit diagram ofａ transimpedance amplifier is shown in Fig. 5･20. Feedback-type
amplifiers with ａ basic ｃｏｍｍｏｎ･emitter configuration were designed and fabricated. The
circuit consists of ａ transimpedance gain stage and an impedance matching stage for the
outputバTo ensure good termination of the output, ａ resistor i8 inserted in series between the
emitter follower and the output pad. Two transistor sizes (Ｑｌand 砧:0.5μm X 9.5μｍ;砧:0.5
μmx 4.5μm) are used. A diode is inserted to bias the HBTs so that they operate around the
ｐｅａｋ力ａｎｄ偏χ.The transimpedance gain stage has ａ feedback resistance 犬F of 500 Ωand ａ
load resistance Rl of 1000 Q. Supply voltages Vch Vci, and Ve are 11 ｙ 3.2 ｙ and ・1.5 V,
respectively. In order to stabilize the supply voltages, large decoupling capacitors are inserted
between the each power supply line and the ground. Figure 5･2 1 shows ａ chip micrograph of
the fabricated transimpedance amplifier. A 50･Q coplanar waveguide transmission line is
utilized to connect the resistor used for the termination of the output pad and to achieve good
return-loss characteristics. Inputs are directly connected to the input pad in order to avoid
inductance and capacitance of the interconnect lines. The chip size is 1.0 mm X 1.4 mm. Most
area of the layout is occupied by the decoupling capacitors｡
　　　The amplifier was tested on ａ wafer by using RF probe heads in the frequency range of
４５ MHz to ５０ GHz. The dependence of transimpedance gain Ｚ，and output return-loss
characteristics ,S122on the frequency of the transimpedance amplifier is shown in Fig. 5･22.
Here, the transimpedance characteristics were calculated from the measured s･parameters.
The amplifier has ａ transimpedance gain of 46.5 dB･Ωwith ａ 3-dB bandwidth of 41.6 GHz,
and its return loss is below ･10 dB over a frequency range of less than 42.0 GHz. The gain-
bandwidth product, one of the figures･of･merits R)ｒhigh･speed transimpedance amplifiers, is
8.８ＴＨｚ･Ω, and the power consumption i8 150 mW.
　　　Figure 5･23 shows the comparison of the gain･bandwidth product versus the power
consumption of the fabricated transimpedance amplifier with the previously reported results
【29･33]. The power consumption of the developed amplifier is less than half of that of the








Fig. 5-20. Circuit diagram of the transimpedance amplifier.
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Fig. 5-21･ Chip micrograph of the transimpedance amplifier.
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Fig. 5-22. The frequency dependence of transimpedance gain Ｚｆand output return-loss















Fig. 5-23. Gain-bandwidth product versus power dissipation of the previously-reported
transimpedance amplifiers.
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amplifiers fabricated by SiGe and GaAs HBTs at almost the same gain･bandwidth product.
０ｎthe other hand. the gain･bandwidth product of the 伍bricated amplifier is almost twice as
high as that of the amplifiers fabricated by InP HBTs at almost the same power consumption.
These results are due to the higherふａχat lower collectorcurrents of the developed HBTs than
those of the previously reported devices, indicating that the developed HBTs are very
promising for producing high･speed analog ICs with loｗ･power dissipation.
５．６　Summary
　　　　Advanced high･frequency performance of small-scale InGaP/GaAs HBTs with ａ WSiVTi
base electrode and buried SiO2 in the extrinsic collector have been demonstrated. The process
technology and the device design were refined for further reducing parasitic capacitance at
the base-collector junction. Ａ double photoresist coating with a high･temperature reflow
improved the uniformity of the buried SiO2, and improved the thickness of the buried SiO2 by
25% as well as the device yield to more than 90%. The thick buried SiO2 together with the
reduction of the base electrode area enabled the parasitic capacitance at the buried SiO2
region to be reduced to 50％｡
　　　　The improved HBTs by the refinements exhibited much better high-frequency
performance with ａ much smaller emitter size than HBTs demonstrated in chapter 4. AnHBT
with an Se of 0.5μmx 4.5μｍ exhibited ａ力〇f 156 GHz and 肩ふof 255 GHz at an Ic of ３.５
ｍＡ; an HBT with an5'£of0.25μmx 1.5μｍ exhibited ａ力〇f 114 GHz and ａ臨。of 230 GHz for
at an Ic of ０.９mA. The developed HBTs had higher frequency operations at lower collector
currents with higher breakdown voltage than any other high･performance HBT previously
reported｡
　　　　The　developed　HBTs　were　applied　to　ａ　１/8　static　frequency　divider　and　ａ
transimpedance amplifier. The frequency divider operated at ａ maximum operation frequency
of 39.5 GHz with power consumption per ｎｉｐ･flopof １９０ｍＷ; which is about 2/3 of those of
previously-reported GaAs-HBT static frequency dividers. The transimpedance amplifier had
a transimp edance gain of 46.5 dB･Ωwith a 41.6･GHz bandwidth. The power consumption was
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150 mW, which ｉ８less than half that of the same type of amplifier previously reported.
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Chapter 6
GaAs HBTs with Pseudomorphic GaAsSb Base
forLowVoltage Operation
6.1　Introduction
　　　　In chapter 5，the great potential of GaAs･based HBTs for high-speed and low-power
operations were demonstrated. However, due to the large bandgap of the GaAs (1.42 eV)[l】
used as the base layer, GaAs HBTs have ａ relativelylarge turn･on voltage, which limits the
minimum operating voltage. For example, the supply voltages of static frequency dividers
consisted of SiGe or InP HBTs are 5 － 6 V 【2-5],whereas the supply voltages of GaAs HBTs
are 6.5 － 8 V【6･8].The large supply voltage consequently limits the reduction of the power
consumption in integrated circuitsusing GaAs HBTs. In focusing on lowvoltage operations,
InP or SiGe HBTs are useful because narrow bandgap InGaAs or SiGe i8 used as the base
layer. However, compared to GaAs, InP has the disadvantages of brittleness, unavailability
of large-diameter wafers, high substrate cost, and immature process technology with low
processing yields, leading to higher production costs.０ｎ the other hand, SiGe have the
disadvantages oflower breakdown voltage, inferior carrier transport properties, inflictionof
more loss due to unavailability of semi･insulating substrates. Hence, it is worthwhile to
develop GaAs HBTs with ａ narrow bandgap base layer.
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　　　　For this reason, GalnNAs has lately attracted considerable attention Ｒ)ｒuse as ａ
narrow bandgap base layer of GaAs HBTs 【9-11]. Incorporating small amounts of Ｎ into
InGaAs significantly reduces the bandgap energy. Moreover, GalnNAs can be grown
lattice･matched to GaAs substrates by controlling the In and Ｎ compositions. However, since
the　bandgap　difference　mainly　appears　on　the　conduction band　due　to　the　large
electronegativity of the Ｎ atoms, the large conduction band discontinuity Ａ£ｃat the
emitter-base junction lowers the effect of the narrow bandgap base on the turn-on voltage
reduction, as described in chapter 2. Furthermore, the base-collector junction also has large
ＡＥｃ，which blocks electron transport out of the base into the collector. As ａ result, the current
gain is degraded drastically at ａ high collector current density, which is called the collector
current blocking effect【12･14]. Although M:Ｃ can be reduced by inserting graded layers
between the heterojunctions, this complicates the reproducibility for epitaxial layer growth
procedures｡
　　　　In this thesis, GaAsSb is focused on as ａｎａｒｒowbandgap material for the base layer
of GaAs HBTs. The thickness of GaAsSb on GaAs substrates is limited since GaAsSb is not
lattice-matched with GaAs. However, GaAsSb offers ａ definite advantage over GalnNAs: the
difference in the bandgap between GaAs and GaAsSb is expected to appear predominantly
across the valence band [15]. Hence, the problems occurring in GaAs/GalnNAs systems can
be avoided without producing compositionally graded layers. GaAs HBTs with ａ GaAsSb
base have already been demonstrated [16,17]. However, the reduction of the turn-on voltage
has not been examined. Furthermore, due to the relatively thick GaAsSb which was well
above the critical thickness, the demonstrated devices had many misfit dislocations in
GaAsSb, resulting in current gains of less than １０｡
　　　　In this chapter, GaAs HBTs with a p seudomorphic, fullystrained GaAsSb base are
demonstrated. GaAs/GaAsSb/GaAs double heterojunction bipolar transistors (DHBTs) are
designed and fabricated so as not to generate misfit dislocations in the GaAsSb layer. The
turn-on voltage, the current gain. and the offset voltage of the DHBTs are evaluated and
discussed. Characteristics related to the base resistance are also investigated.
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　　　　For designing the epitaxial layer structures of GaAs HBTs with ａ pseudomorphic
GaAsSb base, the bandgap energy and the criticallayer thickness for misfit dislocation
generation of strained GaAsSb lattice-matched to GaAs are estimated first.The bandgap for
bulk GaAsSb is given by【18】
Eg (GaAsi。Sb。) = 1.42 - 1.ａχ:＋1.2χ2 (6･1)
where ｘ i8　the　Sb　composition. Based　on　this　equation, the　bandgap　energy for
p seudomorphic strained GaAsSb is calculated by considering the bandgap shift with
hydrostatic stress and the splitting of the valence band given by the deformation potential
constants[19]. The critical layer thickness, on the other hand, is calculated by using the
formation presented by Matthews and Blakeslee [20]. Figure 6･1 shows the bandgap energy
and the criticallayer thickness ofａ strained GaAsSb lattice･matched to GaAs ａ８functions of
Sb composition. The bandgap reaches its minimum value of 0.79 eV at an Sb composition ｘ of
around 0.8. However, the critical thickness at ｘ of 0.8 is only ２ nm. Although ａ narrower
bandgap i8 favorable to reduce the turn･on voltage, the extremely thin base ｉ８not suitable for
the practical use from standpoints of both the fabrication process and the base resistance.
Considering　both　the　reduction　in　the　bandgap　and　the　practical　base　thickness,
GaAS0.95sb0.05 and GaAso.gSbo l were utilized ａ８base layers of HBTs in this research. The
estimated bandgap energies of GaAso.95Sbo,o5 and GaAs{ ｡9Sbo1 are 1.35 eV and 1.28 eV,
respectively, and the corresponding critical layer thicknesses are 70.8 nm and 30.7 nm,
respectively｡
　　　　The epitaxial layers were grown on ａ semi-insulating GaAs (100) substrate by
molecular beam epitaxy (MBE) using Si and Be as ，7･and p･type dopants. respectively. The
mole fraction of GaSb was determined from lattice constant measurement by χ･ray
diffi:action and by using the Vegard's law. The actual Sb compositions of the epitaxial layers
were confirmed by Auger electron spectroscopy, and the doping concentrations were




















Fig. 6-1. Calculated bandgap energy and criticalayer thickness for strained GaAsSb
lattice-matched to GaAs as functions of Sb composition.
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6-1. Three structures were grown R)ｒcomparison. The Sb composition ｘ of devices Ａ and Ｂ
was 0.1, and that of device Ｃ was 0.05. The D-GaAsi.χSbχ base layer thickness of deivce Ａ was
28 nm, and that of devices Ｂ and Ｃ was 48 nm. A 2･nm undoped GaAsi.jSbjc spacer layer was
inserted between the base and emitter to prevent the p-n junction from shifting towards the
emitter layer due to the Be diffusion｡
　　　　Conventional mesa structure devices were fabricated by using wet chemical etching
and ａ standard photolithographic process. χVSi was used as ａｎｏｎ･alloyed emitter electrode
and an emitter mesa was formed by using the χVSi emitter electrode as an etching mask. The
base･collector and isolation mesas were formed by using photoresist for the etching masks.
The base electrode consisted of Au/Pt/Ti/MoyTi/Pt, and the collector electrode consisted of
Au/Ni八N/AuGe. They were both formed by hft･off processes and alloyed at 350°C for 30 min.
The devices were passivated with SiO2 by plasma-enhanced chemical vapor deposition at ａ
substrate temperature of 250°Ｃ｡
　　　　Figure 6-2 shows transmission electron microscopy (TEM) cross sections of the
epitaxial layers of devices Ａ and Ｂ. No misfit dislocations are observed in both the
GaAsn gSbn 1 layers. In addition, no cross-hatched patterns on the surface morphology were
observed by Nomarski interference contrast microscopy. These results indicate that the
GaAsSb base layers in the grown HBTs are fuUy strained. Since the GaAsSb thickness of
device Ｂｉ８above the theoretical criticallayer thickness, ａ８shown in Fig. 6-1, the real critical
layer thickness at the Sb composition of 0.1 is expected being lager than ５０ｎｍ｡
　　　　To evaluate the variation of the bandgap with Sb incorporation, photoluminescence
(PL) measurements were performed at room temperature with Ar laser line (λ= 514.5 nm)
excitation. Figure 6-3 shows PL spectra of GaAs/G£iAso QsSbo 05 and GaAs/GaAsn qSbo l HBT
epitaχial wafers after removing the InGaAs emitter･cap layers. The peak of the PL
wavelength shifts from 0.908 μm (1.366 eｖ)to 0.944μm (1.314 eV) with the Sb content
increasing from ０.05 to 0.1. The bandgaps evaluated from the peak wavelength are slightly
different from those of the calculated values. This ｉ８probably ascribed to an error of the
estimated Sb composition, which has an error of less than 5％｡
　　　　Figure 6-4 shows the secondary ion mass spectroscopy (SIMS) profile of the epitaxial
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(b) 100 nm
Fig. 6-2. TEM cross sections of the epitaxiallayers of GaAs/GaAsg gSbg
j
HBTs. The
GaAsg gSbg jlayer thicknesses are (a) 30 run and (b)50 nm.
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Fig. 6-3. Ｒｏｏｍ‘temperature PL spectra of GaAs / GaAso.95Sbo.o5 °ｄ
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Fig. 6-4. SIMS profile of the epitaxial layer of device Ａ after device fabrication.
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over the GaAsSb was not observed. This suggests that the thin GaAsSb spacer layer works
effectively and, thus, the influence of Be diffusion during the fabrication process hardly
affectson theh turn･on voltage.
6．３　Device Characteristics
6.3.1　Turn-on voltage and current gain
　　　　The tｕｍ･on voltage ら。and current gain of the fabricated DHBTs were evaluated
from Gummel plots. Figure 6･5 shows the dependence of the collector current density 七ｏｎ
the base°emitter bias voltage らzr of devices Ｂ and Ｃ with an emitter size みof 100 μmx 100
μｍ. Also shown in the figure is the result of InGaP/GaAs HBTs demonstrated in chapter 2
for comparison. The Vo。decreases as the Sb composition increases. Ｔｈｅ几。measured at ａみ
of 1 A/cm2 is 0.984 ｖ for device Ｂ and 1.051 ｖ for device C. The reduction in ら。(67 mｖ)bｙ
increasing the Sb composition from 0.05 to 0.1 is almost consistent with the reduction in the
bandgap estimated by calculation (70 mV). As explained in chapter 2，this result suggests
that Ａ£ｃat the emitter-base heterojunction is ｅχtremely small [21], and, thus, verifies that
the bandgap difference mainly appears on the valence band. Furthermore, the Vo。of device Ｂ
is about 0.1 V lower than that of the InGaP/GaAs HBT. These results indicate that GaAsSb
is ａ useful material for reducing the turn-on voltage of GaAs HBTs. As mentioned in the
previous section, the theoretical prediction for misfit dislocation generation underestimates
the critical layer thickness. Therefore, a much higher Sb composition, and thus, an even
lower turn-on voltage, may be achieved without inducing misfit dislocations｡
　　　　Typical Gummel plots and current gain characteristics for small･emitter devices Ａ
and Ｃ with an Sr of 3.5μm X 5.5μｍ are shown in Fig. 6-6. The maximum current gains of
devices Ａ and Ｃ are 25 and 6， respectively. The current gain is larger than those of
previously reported GaAs/GaAsSb HBTs with the same Sb composition and Gummel number
[16]. This is attributed to the pseudomorphic, fully･strained GaAsSb with no misfit












Fig. 6-5. Dependence of collector current density on emitter‘base bias voltage ｏｆ
devices Ｂ and Ｃ with an emitter size Se of 100 11m ｘ 100 μｍ. Also shown is the





























Fig. 6-6. (a) Gummel plots and (b) collector current dependence of current gain for
devices Ａ and Ｃ with an S£of 3.5μｍｘ5.5μｍ.
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relatively high Jc of 8×１０４Ａｉｃｍ２and do not drop abruptly even at higher Jc The absence of
the abrupt fallofifin the current gains verifies that the conduction band discontinuity at the
base-collector heterojunction is ｅχtremely small. Therefore, the collector current blocking
effect. which is ａ significant problem in DHBTs [12･14], was suppressed in the fabricated
DHBTs. The ideality factors of collector and base currents are 1.0 and 2.0, respectively. The
large ideality factor of the base currents implies that they are dominated by the
recombination at the GaAs emitter depletion regions｡
　　　　The large base leakage currents were examined in detail by investigating the






where Jr。is the base current density in the intrinsic base region, なi8 the length of the
emitter periphery, and ４ is the leakage current per unit length at the emitter periphery.
Figure 6･7 shows the dependence of Jb on Le/Se for the fabricated HBTs at ａ 陥E of 0.8 V,
where the ideality factor ofふis 2. As shown in Fig. 6･7，ゐ'８ are proportional to Ｌｅ/Ｓｅ.
Furthermore, the Jn's depend neither on the base thickness nor on the Sb composition. These
results indicate that the main component of the base currents with an ideality 伍ctor of 2 is
･^Ｂｐ＞originating from recombination at the emitter periphery. The large peripheral currents
occur probably because the emitter layer consists of GaAs, which has ａ large surface
recombination velocity｡
　　　　To evaluate the intrinsic current gain of the 伍bricated HBTs, the size dependence of
the base cxirrent was investigated at higher Jc. Figure 6-8 shows the dependence of Jb on
Ｌｅ/Ｓｅ　ａt　ａＪｒof l ｘ 104 A/cm2. The intrinsic current gain /,。= Jc/Jbs can be evaluated fh)ｍthe
^'-intercepts in Fig. 6-8, which indicate Ｊｆｌ．.TheｈｐＥｉvalues of devices Ａ， B, and Ｃ were 35， 23，
and ９，respectively. The higher current gain at the larger Sb composition i8 inferred from the
better hole confinement in the base by increasing the valence band discontinuity. In addition,
hpEiior the Sb composition of 0.1 is almost inversely proportional to the base thickness. These
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Fig. 6-8. Dependence of/gOｔvＬｐｌＳｐｉorthe fabricated DHBTs atａたof l ｘ 104 A/cm^
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expressed in Eq. (2-7) in chapter 2. Therefore, the current gains can be improved by
increasing the Sb composition.
6.3.2　Knee voltage and o^set voltage
　　　　The offset voltage VqjSrsetis the collector･emitter voltage ＶＣＫwhen the collector current
Ic is zero in the common･emitter configuration. The knee voltage 14 is the minimum value of
昨zi at a given operating Ic These values are important parameters for HBTs in that small
り加，ａｎｄ吟ｎｏt only decrease the power consumption in saturating logic circuits, but also
increase the active region of operation in analog circuits, leading to high efficiency in power
amplifiers｡
　　　　Figure 6･９shows the common-emitteｒic －ＦｃＥcharacteristics of device A with an みof
3.5μm X 5.5μm. At an たof larger than １０mA, current gain decreases with increasing 陥zｉ
because of an effect that is associated with an increase in junction temperature owing to the
increased power dissipation [23]. Despite using the abrupt base-collector (BC) heterojunction.
ａ small 几of 0.48 ｖ is attained at ａ relatively high Jc of 5 × 104 A/cm2, The small Vt under
high･current･density operation is attributed to the extremely small potential spike at the BC
heterojunction that blocks electron transfer [24-26]. In contrast, Fjl。,ｉ８about 0.10 V, which
is relatively large despite the symmetry of the epitaxial layers in DHBTs [24]｡
　　　　To investigate the cause of the large りびｇ。り卿,fk】ｒthe fabricated DHBTs of device Ａ







where j?a is the emitter resistance, Sr the size of the BC junctioｎ，　ＯｃＥthe forward current
gain, andＪｆ.ｓandＪｃ． the emitter and collector saturation currents, respectively. In this
equation, the component of the BC forward current with an ideality 魚ctor z7＝2 is not
considered [29,30]. This is because, as shown in Fig. 6-10, the BC forward currentふCF is
dominated by the bulk diffusion current with M = 1 at current densities Jrcf above l ｘ 102










Fig. 6‘9. Common-emitter k ' ycE characteristics of device Ａ ｗi!:han Se of 3.5 11m ｘ




Fig. 6-11. Offset voltage Voffset, measured at a 7B of l ｘ 103 A/cm^, as a function of











Fig. 6-10. Dependence of BC forward current hcF on BC bias voltage 陥Ｃ for device
A with ａ BC junction size Sc of 25 11m ｘ 40 μｍ.The hcF (n = 1) is obtained by
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evaluated. Figure 6-11 shows the Voffsei,measured at ａ base current density Js of 1 x 10^ A/cm2,
as a function of collector-to･emitter area ratio Ｓｃ/Ｓｅ.Thevalue of the product j?Ｅ Ｘふwas
evaluated to be 0.5 mV. Therefore, the ｙ一intercept (10 mV) in Fig. 6-11 originates mainly
from the difference in turn･on voltage between the emitter-base junction and the
base°collector junction, given by the third term of the right side of Eq. (6･3). As the Ｓｃ/Ｓｅ
increases, the second term of Eq. (6･3) becomes the dominant factor in り恥。ａ８shown in Fig.
6-11, and thus becomes the cause of the large り卿，in Fig. 6-9. Since the ｎｏｎ･self･aligned
process was used, the Ｓｃ/Ｓｒ　ｔａｔioof the fabricated DHBTs drastically increased when the
emitter size was scaled down. For example, Sc/Se is 2.7 and 呪師is 0.04 ｖ when Ｓｅ＝　20μm X
50μm, while Sc/Se is 27 and F臨。,is 0.10 ｖ when Se=3.5μm X 5.5μm. Therefore, the Ｖｏｆｆｓｅ･of
small-scale devices can be further decreased by fabricating devices using a self･alignment
process, which brings Sq/Se close to unity.
6.3.3　Contact Resistance and Sheet Resistance ｏfBase
　　　　Finally, characteristics associated with the base resistance were investigated. The
specific contact resistance 几and the sheet resistance μof the base layers were evaluated by
using the standard transmission line model (TLM) method [31,32]｡
　　　　Figure 6･12 shows几for /?-GaAsi.;(Sbj and p･GaAs as a function of carrier
concentration Ｎｂ.The results of theoretical calculations based on ａ tunneling model are also
plotted by dashed lines [33]. The calculations were carried out for various potential barrier
heights Sb assuming an effective Ught hole mass of 0.082 m [1,34], where m is the mass of the
free electron. The value of (f)Bhas ａ tendency to decrease as the Sb content increases. This is
probably attributed to the shift of the pinning position of the surface Fermi level toward the
valence "band edge resulting from the inclusion of Sb [35,36]. As ａ result, a pc as low as 6 ×
10･7Ω･cm2 was achieved atｘ = 0.1 (devices Ａ and B) with ａ relatively low Ｎｂof２× 1019 cm･3.
This low 几enables to reduce the area of the base contact, and thus the base･collector
capacitance without sacrificing an increase in the contact resistance, which effectively
improves high-frequency characteristics, as discussed in chapter 4｡

































































Fig. 6-12. Specific contact resistance Pq of;?-GaAS|.^br and D-GaAs as a function
of carrier concentration ＮＢ･The results of theoretical calculations based on ａ












Carrier Concentration (ｘ1019 cm'3)
５
Fig. 6-13. Hole mobility ofp-GaAsj.χSbχ and p-GaAs as a function of carrier
concentration.
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respectively, which are larger than those for/ﾌｰGaAs estimated from same doping levels and
thicknesses. Figure 6･13 shows the dependence of hole mobility on the carrier concentration
for jﾌGaAsi-jSb^ and p-GaAs by Hall measurements. The mobility decreases ａ８the Sb
composition increases. The low mobility, and thus the large sheet resistance, is probably
ascribed to the alloy scattering in ternary materials [37]. To reduce the sheet resistance for
the high°speed operations, therefore, p-GaAsSb with much higher doping concentration
should be developed.
6.4　Summary
　　　　For reducing the turn･on voltage 几。in GaAs HBTs, a pseudomorphic, fiiUy･strained
GaAsSb was applied to the base layer. The Vo^ of the GaAs/GaAso.gSbo.i HBTs was reduced by
about 0.1 ｖ compared to that of the InGaP/GaAs HBT. The reduction was in good agreement
with the bandgap reduction of the base layer, suggesting that the bandgap difference mainly
appears on the valence band. Owing to the fiiUy･strained GaAsSb without misfit dislocations,
the maxiinuni current gain of 35 was attained, which is higher than those of
previously-reported　GaAs/GaAsSb　HBTs. TEM　cross･sections　showed　that　no　misfit
dislocations were observed in GaAso.9Sbo.i layers even though the thickness was above the
theoretical critical layer thickness, indicating that ａ much higher Sb composition and, thus,
much lower turn-on voltage may be achieved without inducing misfit dislocations｡
　　　　The ｍａχimum current gains reached at ａ relatively high collector current density Jc
of 8 × 104 A/cm2 without abrupt drop at higher Jb. In addition, the small knee voltage 阿of
0.48 ｖ was obtained at ａ relatively high Jc of 5 × 104 A/cm2. These results suggest that the
collector current blocking effect of the fabricated DHBTs is insignificant due to the extremely
small conduction band discontinuity ＆ＥＣ。
　　　　The potential barrier height of metalか･GaAsSb tended to decrease as increasing the
Sb content. As ａ result, a specific contact resistance as low as 6 ×10･7Ω･cm2 was achieved at
p^GaAso.gSbo.i with ａ relatively low base doping level of 2 ×1019 cm･3. In contrast, the hole
mobility of GaAsSb was increased as the Sb composition increased, which may be ascribed to
Rｅｆｅｒｅｎｃｅｓ
the alloy scattering in ternary materials.
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　　　　This thesis has referred to novel technologies of GaAs HBTs for high-speed and
low-power applications. A series of the novel technologies dealt with analyses of material
properties, fabrication processes, device designs, and circuit applications, those were
developed to overcome the crucial problems of GaAs HBTs for high･speed and ｌｏｗ･power
operations. The main conclusions of this thesis are summarized as follows｡
　　　　Inchapter 2, the characteristics of conventional InGaP/GaAs HBTs were evaluated and
analyzed in detailin order to exploit InGaP/GaAs HBTs for use in high-speed and ｌｏｗ･power
applications. The abrupt InGaP/GaAs HBTs had almost the same turn-on voltage as a graded
AlGaAs/GaAs HBTs. In addition, the emitter size effect of InGaP/GaAs HBTs was smaller
than AlGaAs/GaAs HBTs. These resultsindicate that InGaP/GaAs isａ useful material system
for fabricating small-scale GaAs HBTs with low turn-on voltage. The delay time analysis
showed that the main component of the delay was the intrinsic transit time tf, which
effectively decreased by reducing the base thickness. In contrast, the dominant 伍ctors for
smaller devices were parasitic delays, をand Tec, which increased because the ｅχtrinsic
collectorregion to contact the base electrode and the wire was not reduced when the emittei
size was scaled down.
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　　　　In chapter 3，the characteristics of InGaP/GaAs HBTs with ａ heavily･doped and thin
base are studied in detail in order to optimize the base layer design for high-speed operations.
The dependence of the current gain Ｈｆｅon the base doping concentration Nb showed that the
柘
base region, which was inversely proportional to the square ｏｉＮＲ.In contrast, the /,ａat an Ｎｂ
above 3 ×1020 cm･3 decreased drastically because of the increase in the back injection of holes.
The dependence ｏｉｈｐＥontemperature revealed that the effective hole barrier height △£Veff
decreased　as　jv。increased. The　reduction　of　Ａ£ぼ　was　explained　analytically　and
experimentally by considering the bandgap narrowing and the Fermi level in accordance with
the Fermi-Dirac distribution. The dependences of hpE and the intrinsic transit time 雰ｏｎthe
base thickness 恥} showed that the r≪exhibited ａ quadratic dependence on Wb at a Wb larger
than ３０nm, whereas the tr tended to show ａlinear dependence at ａ smaller Wb. Accordingly,
reducing Wb is effective for reducing the tb,and thus Tp, at Wb of larger than ３０ｎｍ; whereas
Wb ofless than ３０nm is not effective, at which tb occupied less than 1/3 in 雰｡
　　　　In chapter 4，ａ novel device structure and the corresponding process technology were
proposed to remove the GaAs in the extrinsic collector underneath the base contact pad region.
The devices were fabricated by using wsi/n as the base electrode and by burying SiO2 in the
extrinsic collector region under the base electrode. The specific contact resistance几〇fWSifor
/7-GaAs was 2 ×10･6Ω･cm2 at an 7Vμ)f1×1020 cm･3. Ｔｈｅ几was dramatically reduced to 3 ×
10･7Ω･cm2 by inserting a 5･nm Ti film between the interface. The １０ｗPc made it possible to
reduce the optimum base contact width for achieving both high fr and ｈｉｇｈ臨ａχt０less than ０.4
μｍ without the large increase in the base resistance. The fabricated device structure
exhibited that the wsi/n base electrode is useful to cover both the narrow base contact
surface and the buried SiO2 outside of the base-collector junction. Small-scale devices
demonstrated excellent high-frequency characteristics at low collector currents: an HBT with
an 5£of 0.6μm X 4.6μm provided an力〇f 138 GHz and ａｎ刄。of 275 GHz at ａｎだof 4 ｍＡ; and
an HBT with an ＆of0.3μm X 1.6μｍ provided an力〇f96 GHz and an/max of 197 GHz at an か
of ｌ mA. The developed HBTs had higher-speed and lower･current operation than the
conventional HBTs, verifying that the simultaneous reduction of both the emitter size and the
extrinsic collector capacitance was effective to improve the high-frequency performance of
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small･scale GaAs HBTs｡
　　　In chapter 5， the advanced high･frequency performance of small･scale InGaP/GaAs
HBTs with the proposed device structure was demonstrated. The base-collector capacitance
was further reduced by refining the process technology and the device design. Ａ double
photoresist coating with ａ high･temperature reflow improved the uniformity of the buried
SiO2, and improved the thickness of the buried SiO2 by 25%. The thick buried SiO2 together
with the reduction of the base electrode area enabled the 50% reduction of the parasitic
capacitance at the buried SiO2 region. The refinements improved the high･fi･equency
performance of HBTs with much smaller emitter sizes. An HBT with an Se of 0.5μmx4.5μｍ
exhibited ａ力〇f 156 GHz and ａ刄。of 255 GHz at ａｎだof 3.5 ｍＡ; an HBT with an & of 0.25
μm X 1.5μｍ exhibited ａ力〇f 114 GHz and ａ臨ｌ。of 230 GHz for at an たof 0.９ mA. The
capability of the developed HBTs for high･speed and ｌｏｗ･power integrated circuits was also
investigated by applying them to l/8 static frequency dividers a8 digital circuits and
transimpedance amplifiers ａ８analog circuits. The static frequency divider operated at ａ
maximum operation frequency of 39.5 GHz with power consumption per flip-flop of 190 mW,
which is about 2/3 of those of previously-reported GaAs･HBT static frequency dividers. The
transimpedance amplifier had ａ transimpedance gain of 46.5 dB・Ωwith a 41.6･GHz
bandwidth. The power consumption was 150 mW, which is less than half that of the same type
of amplifier previously reported｡
　　　In chapter 6， GaAs HBTs with a pseudomorphic, fully･strained GaAsSb base were
demonstrated. GaAsSb was applied as the narrow bandgap base material for reducing the
turn-on voltage 几。in GaAs HBTs. The ら。of the GaAs/GaAso.9Sbo. l HBTs was reduced by
about 0.1 ｖ compared to that of the InGaP/GaAs HBT. The reduction was in good agreement
with the bandgap reduction of the base layer, indicating that the bandgap difiference mainly
appears on the valence band. Owing to the fully･strained GaAsSb without misfit dislocations.
the maximum current gain of 35 was attained. TEM cross･sections showed that no misfit
dislocations were observed in GaAso.9Sbo.i layers even though the thickness was above the
theoretical critical layer thickness of ５０ nm. The collector current blocking effect of
GaAs/GaAsSb/GaAs DHBTs was insignificant due to the small conduction band discontinuity
A^c and, consequently, the small knee voltage Fa of 0.48 ｖ was obtained atａ relatively highを
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of5×104 A/cm2. The potential barrier height of metal/p･GaAsSb tended to decrease ａ８
increasing the Sb composition. As ａ result, ａ specific contact resistance ａ８low as 6 ×10･7Ω･
cm2 was achieved at jﾌﾟGaAso.9Sbo.i with ａ relatively low base doping level of 2 ×1019 cm‘3.In
contrast, the hole mobility of GaAsSb was increased as the Sb composition increased, which
may be attributed to the alloy scattering in ternary materials.
7.２　For the Future Work
　　　As stated in the previous section. the novel technologies studied in this thesis
demonstrated great potential of GaAs HBTs for high-speed and lowpower integrated'circuit
applications. However, there stillremains room for the improvements of characteristics｡
　　　As for the subject on reducing turn･on voltage 陥。,the reduction of Vondemonstrated in
chapter 7 is insufficient compared to the lower 几。ofSiGe or InP HBTs. Hence, the increase in
the Sb composition of GaAsSb is indispensable. In this case, the GaAsSb layer must be
thinned in order to avoid suffering from misfit dislocations. In addition, to suppress the
increase in the base resistance due to the thin base, the doping concentration must be
simultaneously increased, which can be materialized by using carbon as the p-type dopant
【1,2]. The deep understanding for ａ heavily-doped and thin base layer acquired in this
research wUl be useful for designing the epitaxial layer of the GaAsSb base｡
　　　GalnNAs is another possible choice of the base material for reducing 几。.GalnNAs can
be grown lattice-matched to GaAs substrates by controlling the In and Ｎ compositions and,
consequently, reduces the turn-on voltage of GaAs HBTs to less than 1.0 V [3-6].However, the
bandgap can be changed substantially even though the compositions are slightly varied.
Therefore, accurate controllability of the epitaxial growth is ａ significant issue for the
practical use of GalnNAs to the base layer ofＨＢＴｓ｡
　　　As for the subject on high･speed IC operations, the relaxed layout design for wiring of
GaAs process isａremaining problem. Despite lower/rand/maχ of SiGe HBTs than GaAs HBTs,
SiGe HBT digital circuits have demonstrated higher firequency performance because of the
high integration due to the advanced wiring process. Therefore, the wiring process should be
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improved to fully exploit the high･frequency characteristics of GaAs HBTs.　'
　　　　For the further improvement of the high･fi･equency performance of small･scale GaAs
HBTs, reduction in parasitic resistance is indispensable. Although the emitter resistance are
not seen any size effect. as shown in Fig. 5･l(a) in chapter 5，the large resistance itself affects
the increase in the parasitic delay. Optimization of the emitter-cap and emitter layer designs
will effectively improve the performance [7]. In addition, since the developed HBTs have the
highest力一召陥。product, the collector layer design should also be optimized.
　　　　Information technology is now continuously progressing with the tremendous increase
of communication capacity. Therefore, the requirement of high･speed devices with ｌｏｗ･power
operation wiU be further raised in the future. The author believes that the developed
technologies will also play ａ wide role in the developments of further high･speed and
low-power devices by applying them to other heterostructure devices as well as InP HBTs,
and contribute to the highly developed communication societyin future.
References
[1]Ｂ.・ McDermott, E. R. Gertner, S. Pittman, C. W. Seabviry,
and M. Ｒ Chang,“Growth and
　　doping of GaAsSb via metalorganic chemical vapor deposition for InP heterojimction bipolar
　　transistoｒｓ，” Ａｐｐｌ. Ｐｈｙｓ. Ｌｅtｔ，vol. 68, pp. 1386･1388, 1996.
[21　s. p. Watkins, O. J. Pitts, C. Dale,χ.Ｇ.χu, M. W. Dvorak, N. Matine,
and Ｃ. R. Bolognesi,
　　“Heavily carbon･doped GaAsSb grown on InP for HBT applications," Ｊ. Ｃｒｙｓtａｌ Ｇｒｏｗtｈ，vol.
　　221, pp. 59･65， 2000.
[3] N. Y. Li, P. C. Chang, A. Ｇ. Baca,χ.Ｍ.χie, P. R. Sharps,
and Ｈ. Ｑ. Hou, ‘|‘DC characteristics
　　ofMOVPE･grown Npn InGaP/InGaAsN ＤＨＢ゛1ｓ，” Ｅｌｅｃtｒｏｎ. Ｌｅtｔ，vol. 36, pp. 81･82, 2000.
【4】p. C. Chang, A. G. Baca, N. Y. Li, Ｍ.χie, H. Q. Hou,
and Ｅ. Armour, “InGaP/InGaAsN/GaAs
　　絢）Ｎ double･heterojunction bipolar transistor," Ａｐｐｌ.　Ｐｈｙｓ. Ｌｅtｔ，vol. 76, pp. 2262･2264,
　　2000.
【51　R. E. Welser
and Ｎ. ＰａｎバLow Vbe GalnAsN base heterojunction bipolar transistors,”:in




【6】R. E. Welser, P. M. DeLuca, and Ｎ. Pan,“Turn･on voltage investigation of GaAs-based
　　　bipolar transistors with Ｇａ１･JnjAsi.KNタbase laveｒｓ，”ＩＥＥＥＥｌｅｃtｒｏｎＤｅｖｉｃｅＬｅtt･, vol. 21, pp.
　　　554-555, 2000.
［7］T. Niwa, Y. Amamiya, M. Mamada, and H. Shimawaki,“HighﾌﾞT AlGaAs/InGaAs HBTs with
　　　reduced emitter resistance for loｗ･power-consumption, high-speed ICs," ｉｈｓt.Ｐｈｙｓ.Ｃｏｎｆ.
　　　Ser., vol. 162, pp. 309°312, 1999.
Acknowledgments
157
　　　The author would Uke to express his sincere gratitude toＰｒｏ£HiroyukiMatsunami of
Kyoto University for his continuous guidance, valuable discussion, and encouragement
throughout this study. He would also Uke to thank Ｐｒｏ£Susumu Noda and Ｐｒｏ£Minoru
Suzuki of Kyoto University for their valuable advice and critical comments on the
manuscript;　and　to Associate　Ｐｒｏ£　Tsunenobu　Kimoto　for　his　helpful　advice　and
encouragement｡
　　　Research of this thesis was performed at Central Research Laboratory, Hitachi, Ltd. He
would like to express his deep gratitude toＰｒｏ£TohruNakamura of Hosei University and Dr.
Kazuhiro Mochizuki of Central Research Laboratory, Hitachi Ltd. for their continuous
support, helpful advice, useful discussion, and encouragement throughout this study｡
　　　He ｉ８greatly indebted to Mr. Koji Hirata, Mr. Hiroyuki Uchiyama, and Mr. Takafumi
Taniguchi R)ｒtheir persistent assistance in developing the device 伍brication process. He is
very much obliged to Mr. Kiyoshi Ouchi, Dr. Makoto Kudo, and Dr. Tomoyoshi Mishima for
their contribution to epitaxial growth and its characterizations. He is also grateful to Mr.
Hidejoiki Suzuki for his helpful assistance and suggestion for circuit designs　and
measurements｡
　　　He is gratefiiltoDr.Tomonori Tanoue, Mr. Hiroshi Masuda, Mr. Hidetoshi Matsumoto, and
Mr. Isao Ohbu for their instructive guidance. useful suggestion, and fruitful discussion on
device characterizations｡
　　　Finally, he really would like to thank aU members of the compound semiconductor's




A.　Full length papers and letters
1｡T. Oka. T. Tanoue, H. Masuda, K。Ouchi, and T. Mozume,“InP/InGaAs heterojunction
　　bipolar transistor with extremely high力over 200 GHz，”　Ｅｌｅｃtｒｏｎ.Ｌｅtｔ，vol.31, pp.
　　2044･2045, 1995.
2. ！｡Oka. K. Ouchi, and Ｔ. Nakamura,“Small InGaP/GaAs heterojunction bipolar
　　transistors with high-speed operation” Ｅｌｅｃtｒｏｎ.Ｌｅtｔ，vol.33, pp. 339･340, 1997.
3.！｡Oka. K｡Ouchi, K. Mochizuki, and Ｔ. Nakamura,“A WSi base electrode and 万ａ
　　heavily･doped thin base layer for high･speed and low power InGaP/GaAs HBTs," Ｊｐｎ.Ｊ.
　　Ａｎａｌ.Ｐｈｙｓ.，vol.36･ pp. 1804-1806, 1997･
4. T. Oka. K. Ouchi, H. Uchivama, T. Taniguchi, K. Mochizuki, and Ｔ. Nakamura,
　　“High･speed InGaP/GaAs heterojunction bipolar transistor with buried SiO2 using WSi
　　as the base electrode，”ＩＥＥＥＥｌｅｃtｒｏｎＤｅｖｉｃｅＬ tｔ，vol.18, pp. 154-156, 1997.
5. T. Oka. K｡Ouchi, K. Mochizuki, and Ｔ. Nakamura,“High･speed InGaP/GaAs HBTs with
　　/max of 159 GHz," Ｓｏｌｉｄ-Ｓt.Ｅｌｅｃtｒｏｎ.，vol.41, pp. 1611°1614, 1997･
6.　!｡0k!!, K. Hirata, K. Ouchi, H. Uchiyama, K. Mochizuki, and Ｔ. Nakamura,
　　“Small-scaled InGaP/GaAs HBTs with WSiA"! base electrode and buried SiO2，”　ＩＥＥＥ
　　Ｔｒａｎｓ.ＥｌｅｃtｒｏｎＤｅｖｉｃｅｓ，vol.45, pp. 2276･2282, 1998.
7.　Ｔ. Oka, K. Ouchi, KMo万chizuki, and Ｔ. Nakamura,“High-speed InGaP/GaAs HBT's with




8.　T. Oka. T. Mishima, and Ｍ. Kudo,“Low tｕｍ･on voltage GaAs heterojunction bipolar
　　transistors with ａ pseudomorphic GaAsSb base，”ＡｐｐｌＰｈｙｓ.Ｌｅtt･, vol. 78, pp. 483-485,
　　2001.
9. T. Oka. K. Hirata, H. Suz万uki, K. Ouchi, H. Uchiyama, T. Taniguchi, K. Mochizuki, and Ｔ.
　　Nakamura,“Small･scale InGaP/GaAs heterojunction bipolar transistors for high･speed
　　and ｌｏｗ･power integrated-circuit applications," ＩｎtｅｒｎａｔｉｏｎａｌＪｏｕｒｎａｌｏｆＨｉｇｈ　Ｓｐｅｅｄ
　　ＥｌｅｃtｒｏｎｉｃｓａｎｄＳｙｓtｅｍｓ，vol.11,pp. 115-136,2001.
10. T. Oka. K. Hirata, H. Suzuki, K. Ouchi, H. Uchiyama, T. Taniguchi, K. Mochizuki, and Ｔ.
　　Nakamura,“High･speed small-scale InGaP/GaAs HBT technology and its application to
　　integrated circuiｔｓ，”ＩＥＥＥ Ｔｒａｎｓ.ＥｌｅｃtｒｏｎＤｅｖｉｃｅｓ，vol.48, pp. 2625-2630, 2001.
11. T. Oka. K. Ouchi, and K. Mochizuki,:“:Characterization of InGaP/GaAs heterojunction
　　bipolar transistors with ａ heavily doped base，”Ｊｐｎ.Ｊ.ＡｐｐＪ.Ｐｈｙｓ･,vol. 40. pp. 5221-5226,
　　2001.
12. T. Fuyuki, T. Furukawa, T. Oka, and Ｈ. Matsunami,:”:Deposition of high-quality silicon
　　ｄｉｏχide by remote plasma CVD technique," ＩＥＩＣＥ Ｔｒａｎｓ.　Ｅｌｅｃtｒｏｎ.，vol.E-75･C, pp.
　　1013･1018,1992.
13. T. Fuyuki, T. Oka, and Ｈ. Matsunami, "Single crystalline Si metal/oχide/semiconductor
　　field･effect transistors using high･quality gate SiO2 deposited at 300℃by remote plasma
　　technique," Ｊｐｎ.Ｊ.Ａｐｐｌ.Ｐｈｙｓ。vol. 33, pp. 440-443, 1994.
14. T.Fuyuki, 310ka, and H.Matsunaini, "Deposition mechanisms of SiO2 in remote plasma
　　chemical vapor deposition analyzed by spatially resolved mass spectroscopy≒Ｔｐｎ. Ｊ.Ａ即j.
　　Ｐｈｙｓ。vol. 33, pp. 4417･4420, 1994.
15. H. Masuda, T. Tanoue, T. Oka. A. Terano. M. W. Pierce, K. Hosomi, K. Ouchi, and Ｔ.
　　Mozume,“Self-aligned InP/InGaAs HBTs using T-shaped emitter electrodes," Ｍｉｃｒｏｗａｖｅ
　　ａｎｄ ＯｐtｉｃａｌＴｅｃｈ.Ｌｅtt., vol. 11. pp. 159-163, 1996.
16. K. Ouchi, TイMishima, K. Mochizuki, T. Oka, and Ｔ. Tanoue,“FuUy strained heavily
　　carbon･doped　GaAs　grown　by　gas-source　molecular　beam　epitaxy　using
　　carbontetrabromide　and　its　application　to　InGaP/GaAs　heterojunction　bipolar
　　transistoｒｓ” Ｊｐｎ.Ｊ.Ａｐｐｌ.Ｐｈｙｓ。vol. 36. pp. 1866･1868, 1997.
17. Ｋ. Mochizuki, T. Oka, and Ｔ. Nakamura,“Molecular beam deposition of n-type
μｓt ｏ£ Ｐｕblicatｉｏｎｓ 161
　　polycrystalline Ino.6Gao.4As li〕ｒhigh resistances in heterojunction bipolar transistor
　　integrated circuiｔｓ，”Ｅｌｅｃtｒｏｎ.Ｌｅtｔ,vol. 33, p. 1181, 1997.
18， K. Mochizuki, T. Tanoue, T. Oka. K. Ouchi, K. Hirata, and Ｔ. Nakamura,“High-speed
　　InGaP/GaAs transistors with ａ sidewall base contact structure," ＩＥＥＥＥｌｅｃtｒｏｎＤｅｖｉｃｅ
　　Ｌｅtｔ,vol. 18, pp. 562-564, 1997.
19. KイMochizuki, K. Ouchi, K. Hirata, T. Tanoue, T. Oka, and ＨイMasuda,“Polycrystal
　　isolation of InGaP/GaAs HBT's to reduce collector capacitance．”　ＩＥＥＥｌｅｃtｒｏｎＤｅｖｉｃｅ
　　Lett, vol. 19, pp. 47･49, 1998.
20. K. Mochizuki, K. Ouchi, KイHirata, T. Oka, and Ｔ. Tanoue,“Heavily carbon･doped
　　InGaP/GaAs HBT's with buried polycrystalline GaAs under the base electrode,”:ＩＥＥＥ
　　Ｔｒａｎｓ.･ＥｌｅｃtｒｏｎＤｅｖｉｃｅｓ，vol.45, pp. 2268･2275, 1998.
2 1. K. Mochizuki, Ｔ√Oka. K. Ouchi, and Ｔ. Tanoue,“Reliability investigation of heavily
　　C-doped InGaP/GaAs HBTs operated under ａ very high current-density condition,”
　　ＳｏＭ-Ｓt.　Ｅｌｅｃtｒｏｎ.，vol.43, pp. 1425-1428, 1999.
22. H. Masuda, K. Ouchi, A. Terano, H. Suzuki, K.χiVatanabe, T. Oka. H. Matsubara, and Ｔ.
　　Tanoue,“High performance InP/InGaAs HBTs R)ｒ 40-Gb/s optical transmission ICs,”
　　ＩＥＩＣＥ　Ｔｒａｎｓ.Ｅｌｅｃtｒｏｎ.，vol. E82･C, pp.419･427, 1999.
23. K. Mochizuki, Ｔ√Oka, and l. Ohbu,“:Size- and temperature:':independent zero･offset
　　current･voltage　characteristics　of　GalnP/GaAs　collector･up　tunneling･collector
　　heterojunction bipolar transistoｒｓ，”Ｅｌｅｃtｒｏｎ.　Ｌｅtｔ，vol.37, pp. 252･253, 2001.
B. International conferences
1. T. Oka. K. Ouchi, K. Mochizuki, T. Tanoue, and Ｔ. Nakamura,“High-speed InGaP/GaAs
　　HBTs with fma:。 of 159 GHz,"!Ｔｏｐｉｃａｌ Ｗｏｒｋｓｈｏｐ ｏｎ 召ｅtｅｒｏｓtｒｕｃtｕｒｅＭｉｃｒｏｅｌｅｃtｒｏｎｉｃｓ，
　　August 18-2 1， 1996, Sapporo, Japan.
2. T. Oka. K. Ouchi, K. Mochizuki, and Ｔ. Nakamura,“New technologies of ａ χVSi base
　　electrode and ａ heavily-doped thin base layer for high-performance InGaP/GaAs HBTs,”
162 Liｓt ｏ£ Ｐｕｂｌｉｃａtｉｏｎｓ
　　Ｓｏｌｉｄ Ｓtａtｅ Ｄｅｖｉｃｅ ａｎｄ Ｍａtｅｒialｓ，August 26-29, 1996, Yokohama, Japan.
3. T. Oka. K. Hirata, K. Ouchi, H. Uchiyama, K. Mochizuki, and Ｔ. Naka万mura,
　　“InGaP/GaAs ＨＢＴ'８ with high-speed and ｌｏｗ･current operation fabricated using WSiyTi
　as the base electrode and burying SiO2 in the extrinsic collector," Ｉｎtｅｒｎａtｉｏｎａｌ Ｅｌｅｃtｒｏｎ
　　Ｄｅｖｉｃｅｓ Ｍｅｅtｉｎｇ’，December 7-10, 1997, Washington D.C., USA.
４.　T. Oka. K. Ouchi, K. Mochizuki, and Ｔ. Nakamura,“High-speed InGaP/GaAs HBTs with
　　ballistic transport in an ultra-thin baｓｅ，” ２５tｈ Ｉｎtｅｒｎａtｉｏｎａｌ Ｓｙｍｐｏｓiｕｍ ｏｎ Ｃｏｍｐｏｕｎｄ
　　Ｓｅｍｉｃｏｎｄｕｃtｏｒｓ，October 12･16， 1998, Nara, Japan.
5. T. Oka. K. Hirata, K. Ouchi, H. Uchiyama, T. Taniguchi, K. Mochiz＼iki, and Ｔ.
　　Nakamura,“Advanced performance of small-scaled InGaP/GaAs ＨＢＴ'ｓ with力over 150
　　GHz ａｎｄ函ａｘ over 250 GHz，”　Ｉｎtｅｒｎａtｉｏｎａｌ Ｅｌｅｃtｒｏｎ Ｄｅｖｉｃｅｓ Ｍｅｅ山＾ｇ． December 6-9,
　　1998, San Francisco, USA.
6. T. Oka. K. Hirata, H. Takazawa, and l. Ohbu,“:Characterization of InGaP/GaAs HBTs
　　under Temperature and Cuｒｒｅｎt Ｓｔｒｅｓｓ，”Ｉｎtｅｒｎａtｉｏｎａｌ Ｃｏｎｆｅｒｅｎｃｅ ｏｎ Ｇａｌｌｉｕｍ -Ａｒｓｅｎｉｄｅ
　　ＭＡＮｕｆａｃtｕｒｉｎｇ ＴＥＣＨｎｏｌｏｇｙ，May 1-4, 2000, Washington, D.C･, USA･
7. T. Oka and Ｍ. Kudo,“ＧａＡｓＩGaAsSb DHBTs with ａ pseudomorphic ｂａｓｅ，” Ｔｏｐｉｃａｌ
　　Ｗｏｒｋｓｈｏｐ ｏｎ Ｈｅtｅｒｏｓtｒｕｃtｕｒｅ Ｍｉｃｒｏｅｌｅｃtｒｏｎｉｃｓ，August 20‘23, 2000, Kyoto, Japan･
8. T. Fuyuki. T. Oka, and Ｈ. Matsunami, "Single crystalline Si MOSFETs using
　　high-quality gate SiO2 deposited at 300℃by remote plasma techniquｅ，”　Ｓｏｌｉｄ Ｓtａtｅ
　　Ｄｅｖｉｃｅ ａｎｄ Ｍａtｅｒialｓ; August, 1993, Chiba, Japan.
9.　Ｔ. Fuyuki, ！√Oka, and Ｈ. Matsunami, "Characterization of high-quality gate oxides
　　formed at low temperatures using limited damage process of remote plasma CVD,”
　　Ｉｎtｅｒｎａtｉｏｎａｌ Ｃｏｎｆｅｒｅｎｃｅ ＯＲ Ａｄｖａｎｃｅｄ Ｍｉｃｒｏｅｌｅｃtｒｏｎｉｃ Ｄｅｖｉｃｅｓ ａｎｄ Ｐｒｏｃｅｓｓｉｎｇ.， 1994,
　　Japan.
10. H. Masuda, T. Tanoue,！.Oka, A. Terano, ＭイW. Pierce, K. Hosomi, K. Ouchi, and Ｔ.
　　Mozume,“Novel self-aligned ８ｕb･micron emitter InP/InGaAs HBTs using T-shaped
　　emitter electrode，”　７tｈ Ｉｎtｅｒｎａtｉｏｎａｌ Ｃｏｎｆｅｒｅｎｃｅ ｏｎ ＩｎＰ ａｎｄ Ｒｅｌａtｅｄ Ｍａtｅｒialｓ，May 9-13,
　　1995, Sapporo, Japan.




　　transistoｒｓ，” ＳｏｌｉｄＳtａtｅ Ｄｅｖｉｃｅａｎｄ Ｍａtｅｒialｓ，August 26･29， 1996, Yokohama, Japan.
12. K. Mochizuki, K. Ouchi, K. Hirata, T. Tanoue, T. Oka, and Ｈ. Masuda,“Over･100-ＧＨｚ力
　　and over･200･GHz'^ax InGaP/GaAs heterojunction bipolar transistors with buried
　　polycrystalline GaAs under base contacｔｓ，” ５５tｈ ＤｅｖｉｃｅＲｅｓｅａｒｃｈＣｏｎｆｅｒｅｎｃｅＬａtｅ Ｎｅｗｓ，
　　June 23･25， 1997, Colorado, USA.
13. K. Mochizuki, K. Ouchi, T. Oka. T. Tanoue, and Ｔ. Nakamura,“Heavily doped n･type
　　polycrystalline GaAs and InGaAs for heterojunction bipolar transistor integrated
　　circuiｔｓ，” ３９tｈ ＥｌｅｃtｒｏｎｉｃＭａtｅｒialｓ Ｃｏｎｆｅｒｅｎｃｅ，ｉune 25･27， 1997, Colorado, USA.
14. H. Masuda. K Ouchi, A. Terano, H. Suzuki, K. Watanabe, T. Oka. H. Matsubara, and Ｔ.
　　Tanoue,“Device technology of InP/InGaAs HBTs for 40-Gb/s optical transmission
　　application，” ＩＥＥＥ ＧａＡｓ ＩｎtｅｇｒａtｅｄＣｉｒｃｕitｓＳｙｍｐｏｓiｕｍ，October, 1997, Anaheim, USA.
15. K. Ouchi, T. Mishima, K. Mochizuki, T. Oka, and Ｔ. Tanoue,“Increase of carbon-doping
　　efficiency in lattice･strain･fi･ee InGaAsP quaternary alloy grown by gas-source molecular
　　beam epitaxy using CBｒ４，”　４０tｈ　ＥｌｅｃtｒｏｎｉｃＭａtｅｒialｓ Ｃｏｎｆｅｒｅｎｃｅ，３ｕｉve 24･26， 1998,
　　Virginia, USA･
16. Ｋ. Mochizuki, T. Oka, and Ｔ. Tanoue,“Reliability investigation of heavily Ｃ･doped
　　InGaP/GaAs HBTs operated under ａ very high current-density condition," Ｔｏｐｉｃａｌ
　　Ｗｏｒｋｓｈｏｐ　ｏｎ　Ｈｅtｅｒｏｓtｒｕｃｔｕｒｅ　Ｍｉｃｒｏｅｌｅｃtｒｏｎｉｃｓ，August　30･September　2, 1998,
　　Kanagawa, Japan.
17. K. Mochizuki. T. Oka, and Ｋ. Ouchi,“Polycrystal isolation technology n）ｒ high･speed
　　GaAs HBT-IC’ｓ，” ３０tｈ Ｓtａtｅ一ｏｆ-tｈｅ-ＡｒtＰｒｏｇｒａｍ ｏｎ Ｃｏｍｐｏｕｎｄ Ｓｅｍｉｃｏｎｄｕｃtｏｒｓ，May 2･7，
　　1999, Seattle, USA.
164
